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X-RAY AND BACKSCATTERING ANALYSIS OF ION IMPLANTATION

IN GaAs AND RELATED COMPOUNDS

Final Technical Report

1. Introduction

7) 0

-Qepresenttm4r4--an overview of a two-year study of the

structure of III-V semiconductor materials with a powerful new

analysis technique (kinematic model ing of double-crystal x-ray

diffraction), complemented by two well-established techniques

(backscattering spectrometry and transmission electron

microscopy). The kinematic modeling approach to x-ray

diffraction was developed at Caltech by Speriosuf ) for studies

of magnetic garnets, but clearly had great additional potential

for studying the crystalline structure of semiconductors. 'e

have utimn4 these three techniques~to study ion implantation and

annealing phenomena in uniform III-V semiconductors and -extended

the kinematic modeling of x-ray diffraction for high precision

analysis of bilayer and multilayer epitaxial III-V systems. In

the latter application, this method has proven to be superior to

all other known techniques..

2. Methods

a. Sample Preparation
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(100) Si, Ge, and III-V wafers were obtained from

standard sources, and cleaned and etched lightly before

processing. Heteroepitaxial structures, which were analyzed

as-grown only, were provided by various outside collaborators.

For ion implantation, samples were mounted with

thermally-conducting paste on a temperature-controlled carousel.

To avoid channeling of the incoming ions, they were rotated 70

away from normal about an axis lying about 220 from a [100]

plane. Implantation currents were kept at 0.1 pA/cm2 to within +

30%.

Annealing was conducted in flowing forming gas for 60

min at 4200C.

b. X-Ray Diffraction

A double-crystal x-ray spectrometer was designed and

constructed for this project. It is shown in Fig. 1. X-rays

from a tube with a Fe target are collimated and diffracted by a

first crystal which has been adjusted to a Bragg angle near that

chosen for the sample. This serves to reduce the beam divergence

and select the characteristic Ks line. The first crystals were

Si for the Si samples, and GaAs for the Ge and (I-V samples.

The beam from the first crystal is then allowed to impinge on the

sample with a spot size of 11 mm x 1 mm, set with slits. X-rays

diffracted from the sample are detected with a NaI(Tl) detector.

The sample is first oriented by hand close to the chosen Fe K.I

(400) reflection angle and then rotated finely through typically

less that 1, by a microprocessor-controlled step-scan apparatus,

with a step size of 0.0001". The reflected intensity is

-3-
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normalized to the incident intensity to give the reflecting

power. This is recorded as a function of angle to give a

so-called "rocking curve".

To analyze this data, theoretical rocking curves are

generated from trial distributions of crystal strain and damage

by means of a kinematic model for the diffraction. These are

computed repeatedly with iterative manual adjustments of the

strain and damage profiles until good fits to the experimental

data are obtained. By this method, one can determine profiles of

strain (e) to high accuracy, and profiles of damage (U) to a

moderate precision (see Ref. 1 for details). In all of the

present work on uniform layers, U (in A) was found to be equal to

about 0.3 x c- (in %), where es is the strain perpendicular to

the sample surface.

Computer codes for accepting rocking curve data from the

step-scan system, and for generating the theoretical rocking

curves were written under the present contract. Also, complete

plotter graphics programs were written for comparing experimental

and theoretical rocking curves, and displaying the corresponding

profiles of strain and damage. Finally, an attempt was made to

write a program for automatic iterative fitting of the rocking

curves, but because of the large number of parameters involved,

it was successful only for simple profiles. Since an experienced

operator was faster than the automatic routine for such profiles,

the routine was clearly not useful.

c. Backscattering Spectrometry

Backscattering spectrometry (BSS) was conducted in an
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evacuated target chamber with 1.5 MeV He+ ions from either an old

van de Graaff accelerator or our new Pelletron accelerator. The

ions are collimated to a spot of '\, 1.5 mm x 1.5 mm, and allowed

to impinge close to normal to the top surface of the sample.

Backscattered ions are detected by a Si surface barrier detector

mounted at a scattering angle of 170 ° . Signals from the detector

are sorted according to energy to give backscattering spectra.

The sample is rotated finely about two axes until the beam is

incident on the (100) axis for "axially channeled" spectra or

misorlented by 7° from the axis an rotated continuously about

the beam axis for "random" spectra. A high vacuum beam line

(shown in Fig. 2) was designed and installed on the Pelletron for

this purpose.

d. Transmission Electron Microscopy

Selected implanted samples were analyzed by transmission

electron microscopy (TEM) by A. K. Rai at Universal Energy

Systems, Inc., Dayton, Ohio. They were prepared by jet thinning

with methyl bromide solution from the unimplanted side and

observed in plan view with the microscope operating at 300 kV.

(200) reflection bright field micrographs were recorded, as well

as transmission electron diffraction (TED) patterns.

3. Room Temperature Implantation in Si. Ge and GaAs

a. Dose Dependence of Strain

We reported some results for room temperature

SI-implantation in Si, Ge and GaAs, analyzed by x-ray rocking
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curves, at an early date (2 ). In Si and Ge, the distributions of

strain and defects have the same approximately - Gaussian shapes,

which increase in magnitude linearly with irradiation dose, until

the material goes amorphous. Thus the maximum strain increases

linearly with dose, as is shown in Fig. 3. For GaAs, the

situation is markedly different. We now discuss those results in

detail.

Figure 4 shows a typical series of rocking curves,

obtained from 300 keV Ne-implanted GaAs, together with calculated

fits and the corresponding distributions of strain and damage.

In part A, the strain profile is approximately Gaussian and, as

will be shown later, closely follows the distribution of energy

deposited in the lattice by atomic displacements. Its maximum is

about 0.25%. In part B of Fig. 4, the dose has been increased by

a factor of 6.6. But the strain does not increase by this

factor. Rather, it saturates strongly at a value near 0.45%.

The fact that U (the measure of net point defects created) is

saturating in the same way as the strain suggests that

self-annealing is the cause of the saturation. At a dose of 5 x

101 4 ions/cm2 (part C), there is a drastic change in the strain

and damage profiles. In a 3000 A thick region at the depth of

the broad peak in the distributions for the lower doses, the

strain now rises sharply to 0.8%, while at other depths the

profile is nearly the same as it was in part B. In this region

the damage also rises, but we do not have the resolution to

determine whether it is still strictly linear with the strain.

This dramatic phenomenon was reproduced with all of the ion
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species that we investigated (C, Ne, Si, P, Te). Its cause is

not yet clear. At a dose of 1 x 1015 ions/cm 2 (part D of Fig. 4)

the surface half of the layer has been rendered amorphous (U =

0.4 A), but a 3000 A thick strained layer remains. The rocking

curve for this sample no longer has the rapid oscillations

exhibited in those for lower irradiation doses. Similar behavior

was observed at doses close to those necessary for amorphizing

the sample with the other irradiating ions. This indicates that

the lateral coherence (or uniformity) of the layer has

deteriorated. Specifically, we calculate that there are

variations of ,. 0.01% in the strain and/or variations of -- 2

arcmin in orientation. A similar series of strain and damage

profiles, but this time for 300 keV Si+ implantation, is shown in

Fig. 5 and corresponding backscattering spectra are shown in Fig.

6. The maximum strain-versus-dose curve from this series is that

included in Fig. 3 for GaAs.

b. Dependence of Strain on Nuclear Energy Deposition

(i) Low Doses: Profiles

The linear rise of maximum strain with dose seen at

low doses (see Fig. 3) suggests in this regime the strain may be

related simply to parameters which scale linearly with dose.

Possible candidates include the amount of energy deposited by a

collision cascade in nuclear interactions per unit depth (FD), or

the local concentration of implanted ions. In Fig. 7, we compare

the strain profile obtained with 300 keV Si+ ions at a dose of 2

x 1013 ions/cm2 with calculated distributions of FD and the Si

concentration ( 3 ) , The agreement between the shapes of the strain

-7-
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and FD curves suggests that the source of the strain is the

energy deposited in nuclear interactions.

(ii) Low Doses: Variation with Ion Species.

Another way of testing the hypothesis that at low

doses the strain is linear with FD is to compare doses for

different ion species resulting in the same (below- saturation)

strain. We have determined experimentally the doses

corresponding to 0.1% peak strain for implantation with Te+ + , P+,

Si+, Ne+ , C, and H+ . If the relation between strain and FD is

unique, there should be an inverse relationshi p between dose and

FD for various implanted species. Figure 8 shows fairly

convincingly that this is indeed the case.

(iii) All Doses

We showed earlier that at higher doses the strain

profile becomes almost flat, and at higher doses still, develops

a large peak. Thus it is clearly no longer scaling with FD.

Nevertheless, it is of interest to determine whether there is a

unique relationship between the strain that is actually measured

at a depth x and the total energy in nuclear interactions

deposited there, Ed,

Ed(x) * FD,O(x)"

where * is the implantation dose and F D,(x) is the energy

deposited in nuclear interactions for a unit dose. We have done

this for several different ion species as follows. The strain

profile eo(X) measured at the lowest dose o for which reasonable
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statistics could be obtained was taken to be proportional to the

exact FD(x) profile, i.e.

FD,O(x) = Co(X)/Oo

where C is an unknown constant. In all cases the x-dependence so

obtained for FD,(x) was close to the heat of calculated FD

profile, but since the calculations have uncertainties of the

order of 20%, the strain profile was thought to give a more

reliable shape for F.. Thus, at all doses, Ed is proportional

Eo(x), scaled with 0:

Ed(x) = C(O/o) eo(x)

Now for each irradiation dose we have a histogram for e(x) versus

x. Calculating Ed/C for each x, we obtain a series of (Ed/C,E)

points. Results for the 300 keV Ne+ irradiation at room

2temperature and constant flux of 0.1 iA/cm are shown in Fig. 9,

in which the series of points for each irradiation dose is

represented by a different symbol. We see that except for one

small deviation (which may result from a slight change in

irradiation flux) all of the points lie on a single curve. This

means that the strain is indeed a unique function of the total

energy deposited locally.

However, as expected from our earlier plots of

maximum strain versus dose, the dependence of the strain on Ed is

far from linear. The strain initially rises linearly with Ed

-9-
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(region I) up to a value of about E = 0.25%. Then the strain

increases more and more slowly with Ed, until it saturates at

about 0.43% at Ed 1, 1 unit and stays almost constant up to Ed 3

units (region II). At higher Ed, the strain begins to rise again

(region III) and continues to about 0.8% (region IV), at which

level the GaAs becomes amorphous. These regions are analogous to

the regions marked in Fig. 3. Similar curves were obtained for

irradiations of other ions in GaAs. By contrast, for elemental

semiconductors the curves were approximately linear for all

doses.

The strain that is observed in these ion-implanted

semiconductors is most likely caused by atoms that have been

displaced from their lattice sites (i.e. point defects) tending

to expand the lattice isotropically. The implanted region is

constrained horizontally by the undamaged underlying crystal, so

it can expand only in the direction perpendicular to the sample

surface. This is supported by the fact that in magnetic garnets,

as well as Si, Ge and for low dose implantations in GaAs, the

strain distribution is found to give the same shape as that

calculated for FD, and the damage deduced from the x-ray rocking

curves always scales linearly with the strain.

Presumably, in region I the number of atoms

remaining a significant distance from lattice sites is

approximately proportional to deposited energy Ed, with the

result that increases linearly with Ed. The saturation of e in

region II may be the result of self-annealing of displacement

damage. In region III the GaAs strain is about 0.43% which is

- 10 -
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close to the known yield value of tensile strain in undamaged,

(4)externally-stressed <110> GaAs 4  It is in this regime that the

loss of coherence in the rocking curves becomes apparent. A

possible explanation for this may be the onset of plastic

deformations, or the formation of extended defects.

c. TEM

A transmission electron microscopy study was

conducted on the Si-implanted GaAs samples of Fig. 3. The bright

field micrographs in regions I and II were featureless. In

region III they show a spotty structure, suggesting the presence

of damage clusters. This adds support to the hypothesis of

self-annealing in regions II and III. In region IV, similar

spotty structure is evident in the bright field mode while faint

rings begin to appear in the TED pattern, indicating the onset of

amorphous regions. However, no evidence for extended defects

could be found. For higher doses In region IV, the amorphous

rings become stronger, indicating a thickening of the amorphous

layer.

4. Implantation in GaAs - Other Temperatures

a. Low Temperature

GaAs was implanted at a temperature of n. 90 K with 300

keV P+ Ions, with six different doses below that required for

amorphicity. The strain and damage profiles had exactly the same

shape as observed for room temperature Implantation and they

evolved with increasing dose in the same way. The only
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observable difference for the room temperature behavior was that

the rate of increase of the strain and damage with dose were

slightly higher. We attribute this to a lower rate of

self-annealing at the lower temperature.

b. High Temperature

Implantation of 300 keV Si ions in GaAs was carried out

at 290"C to doses of 1 x 1013 to 1 x 1015 Si/cm 2 . X-ray rocking

curves of these implants are shown in Fig. 10. Inspection of

these rocking curves reveals that the strain and damage profiles

are originally approximately Gaussian and then saturate at higher

doses, just as for the lower temperature implantations. Also,

the maximum strain in these samples is less than their

counterparts implanted at room temperature by almost a factor of

two. This can be easily seen by employing the relation AO = -

etaneB, where Ae is the shift of the strained layer peak from the

substrate peak, e is the strain and eB =430 for the Fe K (400)

reflection in GaAs. The maximum strain in the sample implanted

with 1 x 1015 Si/cm 2 at 2900C is almost equal to that implanted

with Si ions of the same energy at room temperature, but to a

dose of only 1 x 13 /ions cm2 .

5. Annealing of Implanted GaAs

a. Room Temperature Implantation

Figure 11 shows rocking curve and BSS measurements of

GaAs implanted at room temperature with 500 keV Te+ + to doses of

5 x 1012 and 1 x 1014 at/cm 2 .  At 5 x 1012 at/cm 2 (part A), the
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usual Gaussian-shaped strain and damage profiles are observed

from the x-ray rocking curve while BSS with channeling detects

little change from single crystallinity. At 1 x 1014 ions/cm 2

(part B), BSS shows that a 2200 A layer has been amorphized while

x-ray diffraction senses only the region of steeply-graded strain

lying between the amorphous layer and deeper perfect single

crystal. The strain in this region ranges from 0.5% to zero in
504.

Figure 12 shows the results of annealing these samples

at 420°C for 60 min. The sample that was implanted with 5 x 1012

Te ions/cm 2 (part A) has regrown, leaving a 1- 2000 A region that

is very slightly strained (0.03%). Again, BSS could sense no

departure from perfect crystallinity. In the sample implanted to

I x 1014 Te ions/cm 2  (part B) a thin layer at the

amorphous/crystalline interface has regrown with excellent

epitaxy, as has been observed before (5 ) , but the remainder is

heavily damaged. Note that the x-ray data shows that the

highly-strained interface region has regrown almost perfectly.

b. Low Temperature Implantation

A sample implanted at liquid nitrogen temperature

with 300 keV P to a dose of 1 x 1013 ions/cm 2 was also annealed.

*The maximum strain was the same as that in the sample that was

implanted at room temperature with Te to a dose of 5 x 1012

Ions/cm 2 (see Fig. 11). X-ray analysis showed that the damaged

layer had been completely regrown. Thus as we have observed

previously in channeling studies 5 ) thermal regrowth in GaAs

Implanted below room temperature Is Independent of the

- 13-



temperature of the implantation.

c. Multiple Implantation

In section 3.a we noted that as implanted GaAs

approaches amorphicity, it no longer diffracts x-ray coherently.

This suggests that there may be variations in the orientations of

pieces of material with dimensions of the order of hundreds of

unit cells, probably accompanied by misfit dislocations. Now it

has been shown that in lattice-mismatched epitaxially-grown

films, misfit dislocations can be avoided by incorporating a

graded profile of strain (6 ). We have seen that for an

implantation to a dose sufficient to cause amorphization, the

transition between the region of zero strain in the single

crystal, to the region of very high strain just adjacent to the

amorphous layer occurs over a few hundred A (e.g. Fig. 11(b)).

We therefore suggested in the proposal for this project that if
0

the transition could be made to extend over several thousand A,

thus reducing the strain gradient, the transition to plastic

behavior might be avoided and the low-temperature regrowth could

be improved. The reduction in the gradient of the strain was to

be achieved by means of a multiple-energy implantation. We

explored this possibility as follows.

We chose Te as the doping ion because it is a

heavy dopant. An energy of 500 keV was selected to produce an

amorphous layer thickness of about 2000 A. For this and greater

layer thicknesses, the rocking curve is very sensitive to lateral

non-uniformities, as might be created by extended defects. Neon

was chosen for the multiple energy implants because it is

- 14 -



chemicalIy inert, but light enough to penetrate substantially

further than the Te for production of the layer of graded strain.

Energies and doses were 1 x 1014 Ne/cm 2 at 60 keV, 1 x 1014

Ne/cm 2 at 140 keV and 2 x 1013 Ne/cm 2 at 300 keY. The x-ray

strain and damage profiles, plus the backscatterlng spectra for

this "triple Ne" implantation alone are shown in Fig. 13(a).

Figure 13(b) shows the results for "triple Ne" followed by a 500

keV Te implantation to 1 x 1014 Te/cm 2 . We see that the Te has

generated an amorphous layer to a depth of , 1500 A. However, we

also note that the rocking curve has lost all of the oscillations

that were present for the lower-dose Te implantation (see Fig.

11(a)), i.e. the graded strain layer has failed to prevent the

plastic deformations. Figure 14 shows the results of annealing

for 60 mintn forming gas at 420°C. The "triple Ne" sample

regrew almost completely, but the sample with "triple Ne" plus Te

remained highly damaged in the region penetrated by the Te. In

fact it regrew no better than the Te implant with no

graded-strain layer (see Fig. 12(b)). Thus our attempt to

improve the low temperature regrowth of GaAs was unsuccessful.

It is not clear whether this is because our hypothesis about the

role of extended defects in disrupting low-temperature regrowth

is incorrect, or because we simply failed to prevent them from

occurring.

Our detailed analyses of ion Implanted GaAs by x-ray

rocking curves under various conditions have produced much

Information on the roles of the ion species, of the irradiation

temperature and of subsequent annealing in the build-up and

- 15 -



evolution of strain and damage in an implanted layer. But two

main questions still remain unanswered. One is the explanation

of the sharp strain spikes that are observed at high doses, and

that is obviously related to the very non-linear build-up of

strain with dose. An extension of the work summarized in Fig. 9

to low temperatures should clarify whether self-annealing plays a

role. The other issue is to explain how the crystals break up

into incoherent domains as amorphicity is approached. A

comparison with Ge or Si would be helpful.

6. Other III-V Compounds

Ion implantation was also investigated in (100) InP and

(100) GaP wafers. The ions used were Ne, Si, P, Fe, and As, in

the dose range of 5 x 1013 to 2 x 1015 cm2 , for energies of

200-300 keV at temperatures of -180, 20, 200, 290, 400, and

450"C. The results obtained so far are preliminary in the sense

that their reproducibility has not been verified.

Channeling analysis of the implanted InP samples showed only

small departures from single crystallinity, except for Fe

irradiation at room temperature (the heaviest ion used and so

analyzed), for which a minimum yield of ". 42% was found. There

is a discrepancy here between our results and those reported in
the iter tur ( 7 -10 )

the literature Our results agree with the generally

accepted notion that InP undergoes significant self-annealing at

room temperature (1 1 ). Our channeling analyses were all carried

out weeks after the irradiation, which possibly explains the

- 16 -



observed discrepancy. In contrast, all x-ray rocking curves were

obtained immediately after the implantation. If these results

are affected by self-annealing at all, then it must be by that

part of the self-annealing that occurs during the irradiation.

All rocking curves clearly show that the strain induced in

InP by implantation is slightly below 10-2%, which is the

smallest strain we have detected for any semiconductor, other

parameters being equal. To improve the sensitivity, we resorted

to a non-symmetrical x-ray reflection on (511). This trick

improves the sensitivity, and has very recently been described

also in the literature(12)

The other most noticeable fact about InP is that the

strained layer is spacially ill-defined in depth. More

surprisingly yet, the polarity of this strain can change. It is

positive for Si (see Fig. 15) and negative for P (see Fig. 16).

These strain distributions seem to appear only above a certain

irradiation temperature. With Si for a dose of (0.5-5) x i014

cm2 , the positive strain is observed only at 290°C (see Fig. 15).

With Fe, the strain appears only at 400°C and it is negative.

There is a positive component in all cases as well. It is

visible only when the other one is absent, as Fig. 17 shows for

Si irradiation at -180 and 20°C. A few irradiations were also

carried out on GaP. The results tend to follow the same general

trend as in InP.

Future experiments should take into consideration that

self-annealing may take pl ace at room temperature.

Specificially, analyses should be performed immediately after

- 17 -
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irradiation, or in-situ. Low temperature irradiation should be

emphasized. The dose range should be extended below 1013

ions/cm 2 in an attempt to see if a range of conditions exists

that yields results comparable to those we found in GaAs.

Finally, TEM studies would be very desirable to clarify the

structural features of the strained layers identified.

7. III-V Strained Layers and Superlattices

In the second contract year of this project, a significant

effort was undertaken along two lines not anticipated in the

original proposal: (i) a number of strained layers and

superlattices were analyzed in detail by rocking curves, and

(ii) the capabilities of rocking curves and channeling analysis

for the characterization of these synthetic materials were

compared. These investigations were made possible largely by the

collaboration of other groups who provided the samples, and by an

IBM Grant that supported an additional research fellow for 12

months, thus providing additional manpower at no cost to the

contract.

A detailed analysis of x-ray double crystal rocking curve

spectra of superlattices has been carried out (1 3 ) . Relationships

are derived between the structure of the rocking curve and the

structure of the superlattice, based on the kinematical model of

x-ray diffraction. These relationships allow direct

determination of the structure of the superlattice, without the

- 18 -

- 1



need to resort to computer fitting or Fourier transformations.

The method is applied to a GaAlAs/GaAs and a AlSb/GaSb

superlattice to obtain depth profiles of perpendicular and

parallel strain. The thickness of the period of modulation and

the average strain are determined with a precision of - 1%. The

detailed structure of the period is determined to ". 5%. With

Vegard's law and elasticity theory, strain profiles can be

converted into composition profiles.

We have also used superlattices to compare MeV He

(14)
backscattering and channeling with x-ray rocking curves

Through the combined use of the two techniques, depth profiles of

strain, composition and crystalline quality have been determined.

An example of an Al xGa lxAs/GaAs strained-layer-superlattice is t

considered. The thicknesses of the individual periods in these r

strained-layer-superlattice structures were accurately measured

by backscattering spectrometry. The values so obtained were used

in the detailed calculations of x-ray rocking curves. An

excellent agreement between measured and calculated curves was

achieved. Transition regions at the interfaces of the various

layers in the strained-layer-superlattice structures were also

detected and measured by both techniques. The two techniques

complement each other well. Backscattering and channeling

provide accurate information on the thickness, composition and

atomic profiles of the uppermost periods of a superlattice, as

long as each sublayer exceeds the depth resolution ('\ 100 to 200

A). Variations in the period thickness are also readily

detectable, but backscattering lacks the ability to see down into

- 19 -
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the substrlate for superlattices exceeding a few 1000 A in total

depth. Strain is time-consuming to measure by channeling, and

the sensitivity is quite poor (1 1%) compared to x-ray rocking

curves, which are capable of detecting strains below 103%. In

addition, rocking curves can typically sample the substrate

through several microns of material, which gives a precise

reference that channeling data lack. Rocking curves are also

easy to execute, because they can be done in air.

A major drawback of backscattering and channeling for the

analysis of strained layers has been exposed in the course of an

investigation of GaSb/AlSb superlattices(15). X-ray spectra for

the strain present at an unirradiated spot on the crystal is in

excellent agreement with the value calculate by elasticity

theory, but a region of the same sample that had been exposed to

He bombardment for backscattering analysis had strain values that

were smaller. The He ion bombarament reduced the strain by 50%

and created lateral inhomogeneities in the crystal structure.

X-rays are much less destructive to strained epitaxial layers

than MeV He ions.

We also applied x-ray rocking curve and backscattering

analyses to a Al0 8 8 Gao 1 2 As/GaAs superlattice before and after

heat treatment at 600°C for I h(16). The structure had 10

periods, each consisting of alternating layers of GaAs (270 A)

and Al0 .8 8 Ga0 .1 2 As (140 A). In vacuum, the heat treatment

produced no detectable change, but when a source of Zn vapor was

added, the structure was transformed into a uniform single

Al x Ga 1-xAs layer. The average perpendicular strain of the whole
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layer (0.085%), and its crystalline quality are conserved,

however. The redistribution of Al and Ga concentrations is thus

a consequence of Zn diffusion in the strained layer superlattice.

This result raises serious questions about doping in strained

layer superlattices. It also points out a way by which the

diffusion of impurities can be measured in such superlattices.

Rocking curves can yield both parallel and perpendicular

strain profiles. This feature is especially useful in the study

of buffer layers (17 ) . A superlattice of 30 alternating layers of

GaAs0 .14 Po. 8 6  and GaP grown on a 1 pjm buffer layer of

GaAso. 07 Po.9 3 on (100) GaP exhibited a parallel strain of 0.19%

relative to the substrate throughout the superlattice and the

buffer layer, with a transition region where that strain drops to

zero at the interface with the substrate confined to less than

10% of the buffer thickness. This fact suggests that the buffer

and the superlattice are crystallographically decoupled from the

underlying substrate by misfit dislocations. The perpendicular

strain was 0.26% in the buffer, and + 0.80% and - 0.19% in the

superlattice GaAsxPl x and GaP layers, respectively. From these

values, the unstrained lattice constants of the buffer layer and

of the superlattice layers can be inferred, and the compositions

can be obtained via Vegard's law. The x-ray rocking curve method

is a fast and powerful tool to determine the complete state of

strain of epitaxial multilayers.

We have also applied x-ray rocking curves to investigate the

2500 A thick layer of AlxGalx As used as a window on GaAs solar

concentrator cells (1 8 ) . The measured perpendicular strain of

- 21 -



0.231% .translates to a concentration of x = 0.87 (using bulk AlAs

and GaAs lattice parameters, Vegard's law, and the elastic

constants of GaAs), which agreed well with the design value of

0.88. In addition, a transition region of about 280 + 50 A was

detected in which the perpendicular strain was rising at a finite

slope from zero and that reflected the changing growth conditions

at the onset of the Al supply in the metalorganic chemical vapor

deposition reactor. Since strain is uniquely related to the

concentration of Al, an Al profile can be derived from the

measurement over the whole range of the epitaxial film with a

depth resolution of about 50 A. Multilayered Al xGa -xAs/GaAs

superlattices grown in the same reactor were also analyzed in the

same fashion(19 ) . Within each period of 410 A, the Al

distribution was skewed, reflecting a sharp rise of Al when the

Al-organic gas is injected into the reactor, but a slow decrease

of Al when the supply is cut off and the residual gas must be

pumped out. These results show the effectiveness of x-ray

rocking curves in the analysis of epitaxial structures. In view

of the expected major importance of strained layer superlattices

in future advanced electronic device design, the development of

such a tool is relevant. X-ray rocking cuves analysis is

compatible with on-line monitoring of routine production; even

in-situ analysis of the sample during the growth process is

conceivable.

The general conclusion that can be drawn from our

applications of channeling and rocking curve analyses of

epitaxial thin-film structures is that x-ray rocking curves are

- 22 -
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the preferred tool for a first analysis. The technique is fast,

requires no vacuum, uses little elaborate or bulky hardware, and

generates less damage than backscattering analysis. The latter

provides atomic distributions directly, however, while the strain

profiles of a rocking curve have to be interpreted with Vegard's

law and elasticity theory to derive atomic profiles. Strain,

however, can be related much more dlre:tly to lattice mismatches

and epitaxial registry than can backscatterlng profiles. Herein

lies the main advantage of the x-ray rocking curve technique.
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Fig. 1 Double crystal x-ray spectrometer.
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Fig. 2 Beam line for backscattering spectrometry.
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X-RAY ROCKING CURVE ANALYSIS OF SUPERLATTICES

V. S. Speriosu a) and T. Vreeland, Jr.
California Institute of Technology

Pasadena, California 91125

ABSTRACT

We present detailed analyses of x-ray double-crystal rocking

curve measurements of superlattices. The technique measures

depth profiles of structure factor, and profiles of perpendicular

and parallel strains relative to the underlying substrate. In

addition to providing a detailed picture of the state of stress,

the profiles are a direct measure of the composition modulation.

The thickness of the period of modulation and the average strain

are determined with a precision of 1 1%. The detailed structure

of the period is determined to ' 5%. We obtain an expression

relating the structure of the rocking curve to the structure of

the period. This expression allows analytic determination of the

structure without Fourier transformation or computer fitting. We

show the influence of small random fluctuations in layer

thicknesses and strains. The technique is applied to a 15 period

GaAlAs/GaAs and a 10 period AlSb/GaSb superlattice grown on <100>

GaAs and <100> GaSb substrates, respectively. In the former, the

thickness of the period was 676 A and the perpendicular strain

varied between zero for the GaAs layer and 0.249% for the layer

with peak (93%) Al concentration. Transition regions, nu 100 A

thick, with continuously varying composition, were found between
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the GaAs and the Ga 0. 7A10 .9 3As layers. Fluctuations in

structural properties were less than 5% of the average. The

AlSb/GaSb superlattice had a period of 610 A with sharp

transition regions between the layers and negligible fluctuations

from period to period. The perpendicular strains were -0.03% and

1.25%, respectively, for the GaSb and AlSb layers. A uniform

parallel strain of 0.03% was found throughout the superlattice.

Nonzero parallel strain indicates that a small fraction of the

misfit between the superlattice and the substrate is plastically

accommodated by net edge dislocations lying in a narrow region (a
0

few hundred A thick) at the interface with the substrate. The

net number of edge dislocations was calculated to be n- 1 x

104/cm2 . The measured perpendicular strains were in excellent

agreement with the values calculated from bulk lattice

parameters, elastic properties and the parallel strain. For both

superlattices, the standard deviation of random atomic
0

displacements away from perfect crystal sites was below 0.1 A, in

agreement with reported ion channeling and electron diffraction

measurements of superlattices. The rocking curve method is a

major tool for quantitative analysis of superlattices.
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1. INTRODUCTION

Superlattices ( I ) are a class of epitaxial materials grown by

periodic depth modulation of the composition. Recent

improvements in growth methods have produced superlattices of

nearly perfect crystallinity whose electrical and optical

properties can be tailored for various applications. Since the

free lattice parameters of the alternating layers are frequently

unequal, the modulation of the composition results in a

modulated strain. Electrical and optical properties of these

devices depend on the state of strain as well as on the

composition modulation (2). The strain in lattice mismatched

superlattice layers has been the subject of a series of

measurements by ion channeling(3-6) and electron diffraction(7)

Ion channeling has detected periodic changes in crystal channel

direction corresponding to distortions of the crystallographic

unit cells in the superlattice layers. If a number of nontrivial

(4-6j)basic assumptions are made concerning the geometry of the

distortion, the change in channel direction can be interpreted as

a measure of the relative strain in the alternating layers.

Electron diffraction has measured absolute distortion in such

layers , but with limited precision. Although capable of

measuring strain values from 10- 8 upward, x-ray diffraction has

remained relatively unused in the study of superlattices.

Bragg case double-crystal x-ray rocking curves are highly

sensitive to strain in epitaxial structures, as shown by their

application to semiconductor heterostructures (8 -1 1 ), diffusion

-3-



(12-14) (15-19)
layers and ion-implanted layers 1  . Quantitative

analysis( 1 2 "14,1 6 ) of experimental rocking curves can provide

depth profiles of strain with a precision often approaching 2% of

quoted values. In general, no assumptions need be made about the

geometry of lattice distortion. In epitaxial layers, the

scattering of x-rays can be modeled (16 )  to very good

approximation by the single-scattering or kinematical theory.

The mathematical simplicity of this theory enables rapid computer

calculation of rocking curves corresponding to arbitrary

structures. By fitting experimental curves, the actual structure

can be obtained. The rocking curve method is rapid,

nondestructive, requires no sample preparation, and is

exceedingly simple.

In an early paper (20), Segmuller et al . gave detailed

iiiterpretations of rocking curves of GaAs/AlAs superlattices.

Excellent agreement was found between measured intensities and

intensities calculated using periodic modulation of strain and

structure factor. The modulation was a step function

corresponding to the nominal modulation in composition. The

strain included a component due to elastic accommodation of the

misfit between AlAs and GaAs. More recently, the Fourier

transform relationship between the rocking curve on one hand, and

the strain and structure factor distributions on the other, was

used to measure interdiffusion in annealed GaAs/AlAs

superlattices(21). Due to the small mismatch in lattice

parameter between GaAs and AlAs, nonzero strain in directions

parallel to the surface was neither expected nor considered in

4.



detail in the above references.

In this paper, the diffraction model presented in Ref. (16)

is applied to superlattices. Relationships are obtained between

the structure of the rocking curve and the structure of the

superlattice. These relationships allow direct determination of

the structure of the superlattice, without the need to resort to

computer fitting or Fourier transformation. In addition to

strains in the direction perpendicular to the surface, profiles

of parallel strain and structure factor are included in the

model. The sensitivity of the rocking curve to the structure of

the superlattice period and the effect of random fluctuations

from period to period are demonstrated. The method is applied to

a GaAlAs/GaAs and an AlSb/GaSb superlattice to obtain depth

profiles of perpendicular and parallel strain. Finally, Vegard's

law and elasticity theory are used to convert the strain profiles

into composition profiles.

II. REFLECTING POWER OF A SUPERLATTICE

It is convenient to define the x-ray strains of an epitaxial

film with respect to the substrate, since these are determined

directly from the rocking curve. Denoting the film and the

substrate by f and s respectively, for an arbitrary set of planes

there is, in general, a difference Ad - df - d in interplanar

d-spacing. The difference depends on the particular deformation

as well as on the planes. In principle, the strain c is a tensor

with unequal normal and shear components. For cubic crystals of

-5-



arbitrary orientation, such as <311>, it is necessary to consider

shear strains (22,8) But for layers grown along <100>, <110> or

<111> directions, the principal strains are perpendicular and

parallel to the layer. In these directions, the x-ray strains

c and e" are the fractional differences in interatomic spacing

between the film and the substrate. The strains are related to

the difference in d-spacing through:

d J. 22- C cos ip + E"in (1)

d

where p is the angle between the planes and the surface. For

perfectly coherent epitaxy e" = 0 regardless of the mismatch

between the free film and the free substrate. Even under partial

relaxation (" 0 0), this condition imposes stresses of opposite

signs in the layer and substrate, and in the simplest case

produces tetragonal distortions and bending. Second order

variations of e" with direction in the plane of the layer occur

for non-orthotropic orientations. Since the thickness of the

substrate is usually two orders of magnitude greater than the

thickness of the layer, the strains in the substrate are usually

two orders of magnitude smaller than those in the film. To a

good approximation, the substrate is unstrained and one may
0

substitute the free substrate interplanar spacing d for ds in

eq. (1). If the free lattice parameter of the film is known, it

is a simple matter to convert the x-ray strain, defined relative

to the substrate, to the strain of elasticity theory, defined

6



relative to the free film. In a later section, we apply

elasticity theory to calculate the elastic strains of the

superlattice, the substrate elastic strain and the bending radius

of the structure.

For diffraction calculations, a uniform epitaxial layer is

described by its thickness t, structure factor F, perpendicular

and parallel strains e and e" , and normal absorption

coefficient j. With respect to the inward normal to the surface,

the direction cosines of the incident and diffracted waves are yo

and yH, respectively. The angle between the diffracting planes

and the surface is p . Associated with the epitaxial layer and

the particular reflection are the quantities A and Y(23)

" r Al FItt
A F e t(2)

Yv Z
= - 7rV sl n2 eB

= "- HI e (3

where r e is the classical electron radius, A is the x-ray

wavelength, V is the volume of the unit cell and eB is the Bragg

angle of the substrate. The differential angle Aw is:

•AW a e - eB+(cos24 + ¢"sin 2)taneB ! (cL- )slnqcosP (4)

where e Is the grazing angle of incidence with respect to the

-7-1*
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diffracting planes. The + ur - sign is chosen according to

whether the angle of incidence with respect to the surface is eB
BB- 4' or eB + ip, respectively. In eq. (4), the first term

involving strains represents a change in d-spacing while the

second is due to the rotation of the planes. Equation (4)

differs in two ways from eq. (6) in Ref. (16). One is due to the

Inclusion of parallel strain. In addition, the dependenceonU

in eq. (4) is valid for any Bragg case eB + F, whereas eq. (6) in

Ref. (16) is valid only for eB + * < /2(4).

An arbitrary depth profile of strains and structure factor

can, for computational convenience and with sufficient accuracy,

be represented by a discrete structure of N laminae. The

normalized amplitude diffracted by such a structure is (16)

Y H0  Z- i(A.Yj + Cj) sinA.Yj

ENi -- 0 a. e Y (5)

where NY0 + J-YH1

a. exp[-~ p.... t ]aI YOYHI It i

a N x

¢"2Z A iY i

I"II

-1 0
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and each lamina j has its own A. and Y.

A superlattice is a special case of the arbitrary laminar

structure. In its simplest form, the superlattice period

consists of two layers, labeled a and b, each with its own

thickness, strains, structure factor and the corresponding Aat Ya

and Ab, Yb* For M superlattice periods and neglecting normal

absorption, the diffracted amplitude (eq. (5)) becomes:

YO - ia sin[M(Aa Ya + AbYb) ]EbM = b] e Fs  (6)
sin(Aa Ya + AbYb)

where

(M-1)(Aa Y a + AbYb) + A aYa ,  and

si nAa Y a -i(AaYa + AbYb) sinAbYb (Fs  Y + e Y(7)

The quantity Fs can be regarded as the structure factor of one

superlattice period. The sinusoidal term in the numerator of eq.

(6) produces zeroes with a period AeM given by:

M AA aYa + AbYb) =

or

-9-



A = M =  (8)

M(ta + tb)sin2eB

from which the total thickness, M(ta + tb), of the superlattice

can be determined. However, for typical samples (- 1 pim thick)

lateral nonuniformities frequently result in a convolution of the

rapid oscillations. The more slowly-varying sinusoidal term in

the denominator of eq. (6) produces observable peaks at:

AYa + AbYb = n (9)

hence, the peaks are labeled 0,+ 1, +2, etc. The spacing A 6 P

between the peaks yields the superlattice periodicity P:

p t + tb =
~tAe~ P s (10) 6. A~p sin2OB

The superlattice zeroeth order peak is located at an angle Ae 0

from the substrate peak. From eq. (9)

-AeO - k1 <c > + k2 <e >

k1  acos 2tane B B sinPcoslp (11)

k2 a sin VtanOB + sincos*

- 10-
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Im

where < > denotes depth averaging (over the superlattice period)

and the sign is chosen as described above. The amplitude of the

nth order peak is proportional to the superlattice structure

factor (eq. (7)) evaluated at angles determined by eq. (9).

using n as a subscript,

Fsn a an " Ybn

sin AaYan + A (12)
aan A +AaYan K 1 An

AaYan

Since Y is related to Y through eqs. (10) and (3), equation

(12) depends on Aat Ab and Yao only. For n = 0, this reduces to

sinAa Yao
F aa (Aa + Ab)

Aa ao (13)

(Aa + Ab), AaYao < 1

Thus, the amplitude of the zeroeth order peak measures FaTa +

FbTb where Fa and Fb are the crystallographic structure factors

of layers a and b, respectively. The approximation in eq. (13)

is quite good for typical strong reflections and products of

strain modulation and period thickness below 1, 1% x 300 A. In

these cases, the zeroeth order peak is more intense than higher

- 11 -
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order peaks. For larger strains and thicknesses, the

approximation in eq. (13) breaks down and the zeroeth order peak

may be less intense than higher order peaks. In a later section,

we give examples of both regimes.

From eq. (6), it is clear that the basic structure of the

rocking curve is determined by the structure of the superlattice

period. The number of peaks, their locations and relative

amplitudes are independent of the number of periods, provided

this number is greater than 1. For M periods and negligible

absorption, the overall intensity of the rocking curve goes as
2. A perfect superlattice is described by 6 parameters: t

%a
t

tb, Ea , eb, Fb/Fa and M. To determine these parameters, one can

use equations (8), (10), (11), (13) and eq. (12) evaluated for

the +I1 peaks. The locations and amplitudes of peaks

corresponding to I n > 1 are completely determined by the six

parameters. To separate the components of C a and C b' one needs

at least two rocking curve measurements. The availability of a

large number of intense reflections with varying degrees of

asymmetry enables the verification of the internal consistency of

the depth profiles of strain and structure factor. In fact, the

present method can be extended to arbitrary deformations,

including shear strains. For each additional strain component,

an additional rocking curve measurement is needed.

The solution of the six simultaneous equations is

straightforward provided the condition in eq. (13) is satisfied.

Since this is not always the case, it may be necessary to

consider higher order peaks. Alternatively, since the condition

- 12 -
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of eq. (13) depends on the Bragg angle and on p as well as on the

strain and thickness, it is almost always possible to use a

reflection where the zeroeth order peak is the most intense. In

practice, the number of periods and the approximate composition

modulation are known from the growth conditions. One can

calculate a priori Fa and Fb from the nominal composition. This

reduces the number of unknown' to four without changing the

number of equations (six). Thus for a perfect or nearly perfect

superlattice, we are able to determine its structure by following

a specified algorithm and are not dependent on computer fitting.

If the structure of the superlattice period has more detail

than the bilayer model assumed above, it is nevertheless clear

that the form of eq. (6) remains valid. By straightforward

extension, eqs. (6) and (7) can describe diffraction in

superlattices with an arbitrary number of sublayers in one

period. For each additional sublayer, the intensity of an

additional high-order peak must be considered. However,

equations (10) and (11), which determine the periodicity and the

average strain, remain applicable regardless of the structure of

the period.

Real superlattices are imperfect. The strain and thickness

values fluctuate from period to period. One result of this is

that the periodicity determined from eq. (6) is noncomensurate

with crystallographic unit cells. If the number of periods is

small and the fluctuations are arbitrarily large, the rocking

curve rapidly loses the structure predicted by eq. (6). In such

cases, one can return to eq. (5), which is valid for arbitrary

- 13 -

~&



depth profiles in thin layers, and match the experimental rocking

curve with the aid of a computer. Although convergence to a good

fit cannot be guaranteed, the sensitivity of the rocking curve to

the strain profile ensures that a good fit can only be obtained

with the "true" proflle (16 ,I g ). The importance of obtaining a

good fit (examples may be found in Refs. 10-14, 16 and 19) cannot

be overemphasized.

For small fluctuations and a large number of periods, one

can describe the frequency of the particular fluctuation by a

probability p. If the thickness of layer a varies, corresponding

to a variation &A in Aa9 and the probability of AA is a Gaussian

with standard deviation UA, it is straightforward to show that

the average structure factor <F sn> is given by:

-2Y 2 u 2
<F sn> e an A Fsn  (14)

0

where Fsn corresponds to no fluctuation. The exponential term

is analogous to a Debye-Waller factor. Since IYanl increases

with n, high order peaks are diminished much more than low order

peaks. The intensity lost at each peak will , of course, be seen

in the rise of the background intensity between the peaks. From

symmetry, a fluctuation in Ab produces a similar result. If both

Aa and Ab fluctuate, the structure factors of high order peaks

diminish even more rapidly. The influence of strain fluctuations

is less transparent, but we shall show by example that it also

decreases the intensity of high order peaks.

From a practical point of view, the existence of transition

- 14-
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regions in the superlattice period and the possibility of

fluctuations from period to period are of great interest. To

explore these possibilities in real samples, we adopt an approach

combining analytic determination with trial-and-error fitting.

The locations and intensities of the three low-order peaks yield

the structure of the superlattice assuming a bilayer distribution

in each period and perfect periodicity. These values of strains,

structure factors and thicknesses provide an initial distribution

for a calculated rocking curve. Discrepancies between measured

and calculated intensities of high-order peaks are then minimized

by trial-and-error fitting. The structure of the experimental

curve will suggest whether the discrepancies are due to

fluctuations from period to period, to transition regions in each

period, or both.

The frequent presence ( 4'7'2 5 ) of a buffer layer grown

between the superlattice and the substrate also necessitates a

departure from analytic structure determination. For a buffer of

arbitrary composition modulation, it is not possible to derive

simple relationships between the rocking curve and the

superlattice-cum-buffer structure. If the buffer is uniform, as

is often the case, it will contribute an additional peak to the

rocking curve. The location and intensity of this peak yield the

strain and thickness of the buffer (2 5 ) .

For calculations of rocking curves, as in Ref. (16), the

reflecting power of the epitaxial structure is added to that of

the substrate, adjusted for normal absorption in the epitaxial

structure. The substrate reflecting power is obtained using only

-15-
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the G-component of the dynamical theory ( 2 3 ) result for thick,

nonabsorbing, perfect crystals. For computational speed we

neglect the substrate 7-component which is always narrower than

the a-component. For the same reason we do not interfere the

amplitude of the epitaxial structure with that of the substrate.

These omissions do not produce observable errors since the

plane-wave solutions are always convolved with Gaussians whose

widths are greater than the Darwin width (2 3 ).

Ill. EXPERIMENT

Superlattice samples were provided to us by external

sources. The GaxAl lxAs/GaAs, x , 0.1, sample was grown (26) by

metalorganic chemical vapor deposition (MOCVD) on a <100> GaAs

substrate. The nominal number of layers and layer thickness were

30 and 200 A, respectively (15 periods, 400 A per period). The

AlSb/GaSb sample was grown(27) by molecular beam epitaxy (MBE) on

a (100> GaSb substrate. The nominal number of layers and layer

thickness were 20 and 300 A, respectively (10 periods, 600 A per

period). For both kinds of superlattices, the substrates were

found to be oriented N 2' off the <100>-axis. The actual

misorientation was taken into account for the values of *, Y'

and YH.

Double-crystal x-ray rocking curves were obtained using the

Fe K l (200), (400) and (422) reflections and the Cu K.l (422)

reflection. With the exception of the (200) reflection, the

Bragg angle is near 45" and the a-component is dominant (23) , The
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symmetric (200) and (400) reflections are sensitive to c only,

while the asymmetric (422) reflections measure both c and C

(see eq. (4) above). Depending on asymmetry and Bragg angle the

sensitivity to e" is either lower or greater than that to E *

The use of more than one reflection permits verification of the

internal consistency of the strain profiles. The x-ray beam was

first collimated and rendered nearly monochromatic by (400)

reflection in <100> Si or GaAs for the Fe K.I (200), (400) and

(422) reflections and by (333) reflection in <111> Si for the Cu

K Ol (422) reflections. With the exception of the (200)

reflection, the Bragg angles of the first crystal and the sample

are nearly equal and the rocking curve is insensitive to the

finite width of the K line. Even for the (200) reflection,

with the K 2 line blocked by the slits, the broadening due to the

use of dispersive setting did not significantly affect the

measured curve. In all cases, the divergence of the beam

incident on the sample was less than 20 arcsec. Except for the

(422), yo < 1YHI reflection, the spot size at the sample was

limited by a set of slits to 0.5 mm x 1 mm or less. For the

(422), Y0  < lyH I reflection, due to the low grazing angle of

incidence, the spot size was greater than the size of the sample,

viciating absolute measurement of reflecting power. The incident

beam intensity was 104 to 10 5 counts/sec, depending on the

reflection and spot size. Rocking curves were obtained using a

microprocessor-controlled diffractometer with a step-scan

resolution of 10- 4 deg.
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IV. RESULTS AND DISCUSSION

The two kinds of superlattices discussed below are examples

of extreme cases of strain variation likely to be found in

practice. For the GaAlAs/GaAs superlattice, the maximum strain

is below 0.3%, while for the AlSb/GaSb superlattice, the strain

modulation is greater than 1%. In both cases, the nominal

thickness of the period is large (400-600 A) so that for the

AlSb/GaSb superlattice the condition in eq. (13) above is not

satisfied, i.e., the zeroeth order peak is less intense than

higher order peaks. For the GaAlAs/GaAs superlattice, the

zeroeth order peak is the most intense. The calculated curves

were obtained using eq. (11) in Ref. (16) with structure factors

based on nominal composition and tabulated atomic scattering

(28)
factors , see Table I. Normal absorption coefficients were

averaged over the superlattice period.

A. GaAlAs/GaAs Superlattice

Figure 1(a) shows measured (dashed line) and calculated

(solid line) Fe KQ 1 (400) rocking curves of the GaA1As/GaAs

superlattice. In the experimental curve, in addition to the

substrate peak (located at zero), seven superlattice peaks are

clearly visible. These are obviously not the rapid oscillations

of eq. (8), but peaks given by eq. (9) above. Their spacing
lS

yields an average superlattice period thickness p = 676 + 2 a.

The location =00 a -0.0641 of the zeroeth order peak yields,
through eq. (11), <E > s 0.118%. The (400) rocking curve gives
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no information on e", but previous work has shown (2 g '3 0 '8 ) that

it is zero for epitaxial AlAs layers, up to several microns

thick, grown on GaAs.

Assuming that the nominal GaAs layer is indeed GaAs, its

perpendicular (and parallel) strain must be zero. The task of

determining the strain profile in the superlattice period is thus

reduced to determining the thickness and strain of the GaAlAs

layer. Using the ratio of the amplitude of the +1 peak to that

of the zeroeth peak and the appropriate structure factors from

Table I, eq. (12) yields a thickness and strain of 320 A and

0.249%, respectively, for the GaAlAs layer. The same values are

obtained using the ratio of the amplitude of the -1 peak to that

of the zeroeth peak. The agreement between these two

determinations shows that the initial assumption of zero strain

in the GaAs layer is valid. Had this assumption been false, the

+1 and -1 peaks would have yielded different thicknesses and

strains for the GaAlAs layer. The calculated rocking curve of

Fig. 1(a) was obtained from this initial strain and structure

factor distribution. The calculated curve reproduces very well

the locations of the observed peaks as well as the intensities of

the three low-order peaks. The slight discrepancy in the

intensities of the +1 and -1 peaks is due to the small error in

thickness and strain obtained from eq. (12) which neglected

absorption, whereas the calculated curve in the figure includes

normal absorption. For high-order peaks, the calculated curve

generally predicts more intensity than is observed. Since random

fluctuations In layer thickness were shown to decrease high-order

- 19 -
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more than low-order peaks, one may suppose that the discrepancy

is due to such fluctuations. Figure 1(b) reproduces the

experimental curve of Fig. 1(a) and shows a calculated curve

corresponding to random fluctuations of about 5% in layer

thicknesses. The agreement with the measured curve is better

although certain discrepancies persist. In Fig. I(c), the

calculated curve includes 5% fluctuations in both layer

thicknesses and strain values. This results in a further

diminution of high-order peaks, but does not eliminate all

discrepancies. Larger fluctuations would only decrease the

quality of the fit. In fact, careful examination of Fig. 1(a)

shows that the discrepancy is due to the existence of transition

regions in the superlattice period, rather than to fluctuations

from period to period. This is best seen for the intensities of

, 0 0
the +3 and +4 peaks (located at Ab '- 0.25 and AB 0.4

respectively). The calculated curve matches the +4 peak

reasonaly well, but overestimates the intensity of the +3 peak.

Clearly random fluctuations decrease the intensity of the +4 peak

more than that of the +3 peak (Figs. 1(b) and (c)). A much

better overall fit, shown in Fig. 1(d), is obtained using the

four-layer period of Table II. These values were accepted as

sufficiently accurate after a trial-and-error procedure involving

about 10 iterations. The strain distribution and the structure

factor distribution indicate the self-consistent result that the

Al concentration varies continuously between the nominal GaAlAs

and GaAs layers. Before discussing this result in more detail,

we turn to the Fe K i (200) rocking curve of the same sample.

- 20 -
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Figure 2(a) shows the measured (dashed line) and a

calculated (solid line) Fe K a1 (200) rocking curve. Ten

superlattice peaks are evident in the experimental curve. Since

the Bragg angle for the (200) reflection is only 20.04 , the

zeroeth order peak is not well-separated from the substrate peak

(see eq. (4) above). Because in this case the structure factor

for GaAs is only 6.64, the substrate peak is very weak and

appears as a shoulder on the superlattice zeroeth peak. In

addition, the low structure factor of the GaAs layers means that

effectively only the GaAlAs layers are diffracting. For this

reflection, the superlattice acts as if only the GaAlAs layers,

separated by nondiffracting material, were present. Thus the

rocking curve is very sensitive to the details of the GaAlAs

portion of the period, and is less sensitive to the GaAs portion.

The calculated curve corresponds to the same strain profile as

was used in Fig. 1(a). As before, the step-function distribution

gives a reasonably good fit to the experimental curve. The

discrepancies are reduced if the four-layer period of Table II is

used in the calculation, as shown in Fig. 2(b). Further

improvement in the quality of the fit can only be obtained by

introducing even finer detail in the structure of Lric period.

Despite the difference in their structure, the Fe K.1 (400)

and (200) rocking curves yield the same structure for the

superlattice period. The thickness of the period and the average

strain are determined to a precision of ,- 1%. Consideration of

only the three lowest-order peaks determines the amplitude of the

strain modulation and the relative thickness of the layers to
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15%. If a good fit is obtained for high-order peaks, as in

Figs. 1(d) and 2(b), the structure of the period, including

transition regions, is determined to a precision of ' 5%.

The thickness of the period (676 A) is very different from

the nominal thickness (400 A). Since the growth rate during

MOCVD is determined by the availability of Ga, an error in its

concentration will result in an error in estimated layer

thickness. The present reactor was calibrated (2 6 ) for much

thicker (2000 A) layers where the finite rise-time of the system

was short compared to the total growth duration. The effects of

finite rise-time are also evident in the 1 150 A (Table II)
I

transition regions between the uniform GaA1As (C = 0.249%) and
±

GaAs (c = 0.00%) layers.

B. AlSb/GaSb Superlattice

Figure 3 shows experimental and calculated Fe K 1 (400)

rocking curves. In addition to the substrate peak, the measured

curve contains 14 clearly visible superlattice peaks. As

mentioned earlier, due to the combination of large strain

modulation and large thickness of the period, the zeroeth order

peak is less intense than higher order peaks. This situation

* presents the practical problem of identifying the zeroeth order

peak. The simplest way to resolve the dilemma is to calculate a

rocking curve using data based on the nominal composition

modulation. The actual thickness of the period, 610 + 2 A, is

determined directly from the measured curve. Using the

appropriate structure factors from Table I, the nominal thickness
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ratio of 1:1 in the bilayer model of the period, and assuming

zero perpendicular strain in the GaSb layer, one can calculate

rocking curves corresponding to various values of perpendicular

strain in the AlSb layer. Comparison with the experimental curve

immediately shows that the strain in the AlSb layer is around

1.2%, while the strain in the GaSb layer is indeed close to zero.

Consequently, the zeroeth order peak is at Ae 0 -0.290 in Fig.0

3. This result may be verified by comparing calculated and

measured intensities of all peaks. The good agreement shown in

Fig. 3 was obtained by trial-and-error adjustment in the

structure of the period. For this sample, the structure is very

nearly a step function, see Table III. The thickness of the

transition region between the two layers is at most 5% of the

thickness (305 A) of the layers. The perpendicular strains are

(1.25 + 0.02)% and (-0.03 + 0.02)% for the AlSb and GaSb layers,

respectively. Negative perpendicular strain in the GaSb layer

implies positive parallel strain, as we show below.

The Fe K.1 (200) rocking curves of Fig. 4 yield slightly

different values for the period thickness (625 A) and the strain

of the ASb layer (1.23%). Even though for this reflection B

18.5", the condition of eq. (13) is still not satisfied and the

zeroeth peak, at A o 0 -0.10, is less intense than higher order

peaks. The agreement between the shapes of calculated and

measured curves is very good, but the calculated curve is

everywhere about a factor of two more intense than the measured

curve. The discrepancy is not accounted for, but suggests an

error in the calculated structure factors or in the measurement
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of the incident beam intensity, or both.

The Fe K.I (422),H 0  > lyH  rocking curves are shown in Fig.

5. Note the much narrower intrinsic width of these curves

compared to those of Figs. 3 and 4. The thickness of the period

deduced from Fig. 5 is the same as the value obtained with the

(400) reflection. For Fe K.1 (422), with Y > Fy H' eq. (4)

shows that the sensitivity to parallel strain is 1 3.5 times
i

greater than that to perpendicular strain. Using the values E

obtained with (400) and/or (200), the (422) curve yields E" =

-(0.03 + 0.02)% for both layers of the period, see Table III.

The sense of asymmetry is reversed for the Cu K.I (422), YO

< Fy I reflection of Fig. 6. In this case, the sensitivity toI H
C is much greater than that to E". As mentioned above, for this

reflection the angle of incidence with respect to the sample is

only '- 2° and the x-ray spot size was greater than the size of

the sample. Thus the experimental reflecting power was easily

underestimated. Nevertheless, the measured and calculated curves

have the same shape, confirming the strain profiles obtained with

the other reflections. Thus all four rocking curves (Figs. 3

through 6), measured at different Bragg angles, with different

asymmetries and different wavelengths, correspond to the same

structure of the period (Table Ill).

The presence of nonzero parallel strain implies the

breakdown of perfect coherency between the epitaxial structure

and the substrate. In the direction perpendicular to the

surface, for E" - 0.03% there are three fewer atomic planes in

the superlattice for every 104 planes in the substrate. Since c,
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is uniform throughout the superlattice layers, the partial

crystallographic decoupling occurs in a narrow (a few hundred

angstroms thick) region at the interface between the superlattice

and the substrate. A parallel strain of 0.03% corresponds to a

net number of ^ 1 x 104 a/2 <011> edge dislocations/cm2 localized

in a narrow region at the interface with the substrate. A much

larger parallel strain (0.19%) was measured (2 5 )  in a

GaAsxP lx/GaP, x = 0.14, superlattice grown on a I Im GaAsyP1 .y ,

y - 0.061, buffer on <100> GaP. The buffer plays a major role in

decoupling the superlattice from the substrate.

C. Point Defects and Lateral Inhomogeneities

In addition to providing depth profiles of strain,

experimental rocking curves contain information about point

defects and lateral inhomogeneities (16 "19 ) . A measure of point

defects is obtained from comparison of experimental intensity

with that predicted using perfect-crystal structure factors.

Point defects lead to a decrease in the magnitude of the

structure factor. If point defects are described by a

probability distribution of incoherent atomic displacements away

from perfect-crystal sites, the standard deviation U of the

distribution is readily obtained from the measured curve (16,19) .

For the present samples, structure factors were calculated

assuming no point defects other than those due to random

interchange of Ga and Al corresponding to the local composition.

The good agreement between measured and calculated curves

obtained above indicates that for both samples the standard
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deviation U is less than 0.1 A. This is consistent with the

general result obtained by channeling (3 6 )  and electron

diffraction (7 ) on a variety of superlattices.

Lateral inhomogeneities in composition and extended defects

such as dislocations produce lateral variations in strain and

undulations in atomic planes. A measure of this undulation is

the width of the function used to convolve the plane-wave, planar

structure rocking curve. As mentioned earlier, the divergence of

the beam incident on the sample was in all cases below 20 arcsec.

An increase over this value in the width of the convolving

function indicates lateral inhomogeneity in the sample. The

calculated curves shown above were convolved with Gaussians of

from 30 to 75 arcsec standard deviations. Thus for both samples,

there are undulations of ' 1 arcmin in atomic planes.

0. Elastic Strains and Determination of Composition

The problem of the distribution of elastic strains in the

epitaxial layer and substrate is similar to the bi-metal strip

(31)problem whose solution may be found in standard texts ( )  The

final state of strain may be thought of as resulting from a

three-step process: (1) the epitaxial layer is strained to

match the in-plane interatomic spacing of a rigid substrate; (2)

under the action of the epitaxial layer the nonrigid substrate

and layer are strained without bending by an amount yielding zero

net force on the structure, but nonzero bending moment; (3) the

structure acquires curvature when the bending moment is removed.

* For imperfectly coherent epitaxy (i.e., the x-ray c" 0 0), the
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structure relaxes as if the initial misfit were decreased by the

x-ray parallel strain. From Vegard's law for alloyed materials,

the (free) lattice parameter varies linearly with composition.

Assuming that elastic properties(2 2 ) also vary linearly with

composition, one can calculate elastic strains for arbitrary

combinations of epitaxial layer and substrate. Comparison of

calculated and measured strains allows determination of the

composition.

Using the commonly accepted (3 0 '2 0 '8 ) misfit of 1.4 x

between AlAs and GaAs, and the x-ray strain of layer b in Table

II, we obtain a peak Al concentration x = 0.935. In layers a and

c, the concentration of Al scales with the strain. For the 500

um thick GaAs substrate, the radius of curvature is calculated

to be -25.5 m. At the interface with the superlattice, the

elastic perpendicular and parallel strains of the substrate are

-0.001% and +0.001%, respectively.

Using lattice parameter values (32) of 6.095 A and 6.135

for GaSb and AlSb, respectively, and the measured x-ray c"

0.03%, we calculate x-ray perpendicular strains of -0.027% and

1.27% for the GaSb and AlSb layers, respectively. The agreement

with measured values, Table IlI, is very good. At the interface

with the superlattice, the substrate perpendicular and parallel

elastic strains are -0.004% and 0.004%, respectively. For the

500 Pm thick substrate, the calculated bending radius is -7.5 m.

For both superlattice samples, the deformation of the

substrate is only a few percent of that of the epitaxial

structure. This validates the (general) use of the free
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substrate lattice parameter in the comparison of x-ray and

elastic strains, in epitaxial structures on thick substrates.

V. CONCLUSION

We have given a simple expression relating the structure of

the superlattice period to the structure of the rocking curve.

The form of this expression shows at a glance the existence of

equally-spaced peaks whose intenosities are determined by the

structure of the superlattice period. The location and intensity

of the zeroeth (and frequently largest) peak measure the

depth-averaged properties of the superlattice. For a perfectly

periodic superlattice whose period is a step function,

consideration of the three lowest-order peaks provides an

analytic determination of the period. For more complicated

structures, including transition regions between the layers of

the period, one must consider the intensities of higher-order

peaks. Small, random fluctuations in layer thicknesses and

strains decrease the intensities of high-order peaks with

relatively small changes for low-order peaks. The treatment

above includes depth profiles of structure factor and

perpendicular and parallel strains. Extension to arbitrary

deformations, including shear strains, is straightforward. For

each additional strain component, an additional rocking curve

measurement is needed. The availability of a large number of

intense reflections allows verification of the internal
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consistency of the profiles. The strain profiles, referred to

the unit cell of the underlying substrate, are absolute.

We have analyzed a GaA1As/GaAs and an AlSb/GaSb

superlattice. The former is an example of small modulation of

strain (GaAlAs on GaAs is frequently called "unstrained") while

in the latter the amplitude of strain modulation is 1.28%.

Combination of large perpendicular strain and total thickness

(6100 A) in the AlSb/GaSb superlattice produced a departure from

perfectly coherent epitaxy. In this sample, a uniform parallel

(in-plane) strain of 0.03% was measured. The parallel strain is

accommodated by misfit dislocations (,- 1 x 10 4 /cm2 ) localized in

a narrow region at the interface with the substrate. The

measured perpendicular strain was in excellent agreement with the

value calculated from bulk lattice parameters, elastic constants

and the measured parallel strain. In the GaAlAs/GaAs

superlattice, the Al content was determined from Vegard's law and

elasticity theory.

For the samples studied above, the periodicity and average

strain were measured with a precision of ' 1%. The relative

thickness of the layers and the strain modulation are known to

5%. Since for both samples the thickness of the period was

large (,u 600 A), one may ask whether the high precision obtained

above will hold for samples with periodicities of 100 A or less.

We believe that this will remain true, because of the

availability of a large number of asymmetric reflections. In

the generalized A and Y coordinates used above, the structure

(i.e., number, spacing and relative intensities of peaks) of the
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rocking curve is invariant. One may choose the particular

reflection by considering sensitivity and convenience.

The x-ray rocking curve method enjoys a number of advantages

over ion channeling, Rutherford backscattering, electron

diffraction, and Auger electron spectroscopy, all1 of which have

been used to measure properties of superlattices. The complexity

and cost of the apparatus are an order of magnitude lower. The

measurement of rocking curves is simple, rapid, and reproducible.

The measurement does not destroy the sample. In epitaxial

layers, the precision of composition determination is at least as

good as that obtained by other techniques. For measurement of

strain profiles, the rocking curve is unmatched by either

channeling or electron diffraction.
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TABLE I. Absolute Values of Structure Factors.

Reflection GaAs Al 0 . 9 Ga0 .1As GaSb A1Sb ,
a II

I---------------------------------------------I,-----------------------------------------------

Fe K (400) 157.9 116.9 214.2 166.9

(200) 6.64 61.05 72.4 131.1

(422) 191.2 150.1

---------------- I---------------------------- -----------------------------------------------

:Cu K (422) 191.3 151.6

32I
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TABLE II. Strain and Structure Factor Distributions in

the Average Period of the GaA1As/GaAs

Superlattice. Strain is Defined Relative

to the Substrate, See eq. (1) Above.

Layer Thickness (A) C (%) IF40 0I IF20 01

a150 0.180 128.3 46.0

b170 0.249 116.9 61.05

c100 0.103 136.5 35.1

d256 0.000 157.9 6.64

*----------&.--------------------------- ------------------------------------------------------

-33 -
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TABLE 111. Strain Distributions in the Average

Period of the AlSb/GaSb Superlattice.

Strain is Defined Relative to the Substrate,

See eq. (1) Above.

--------------------------------------------------------
asI ,I

:Layer ,, Thickness (A) (%)(%

------- 4----------------- ----------------------------------------------------- I

a 305 1.25 0.03

b 305 - 0.03 0.03

---------- ,..----------------------------------------------------

34-
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FIGURE CAPTIONS

Figure 1(a) Measured (dashed line) and calculated (solid line)

Fe K.1 (400) rocking curves of GaAlAs/GaAs

superlattice. The calculated curve corresponds to

the bilayer structure of the period discussed in

the text.

Figure 1(b) Fe K.1 (4N00) rocking curves of GaAlAs/GaAs

superlattir.e. The calculated curve corresponds to

5% fluctuations in layer thicknesses.

Figure 1(c) Fe K.1 (400) rocking curves of GaAlAs/GaAs

superlattice. The calculated curve corresponds to
5% fluctuations in both layer thicknesses and

strains.

Figure 1(d) Fe K I (400) rocking curves of GaAlAs/GaAs

superlattice. Best fit of experimental curve using

the four-layer period of Table II.

Figure 2(a) Fe K.1 (200) rocking curves of GaAlAs/GaAs

superlattice. The calculation corresponds to the

bilayer period used in Fig. 1(a).

Figure 2(b) Fe KoI (200) rocking curves of GaAlAs/GaAs

superlattice. Best fit using the four-layer period

of Table II.

Figure 3 Fe K.I (400) rocking curves of AlSb/GaSb

superlattice. The calculated curve is based on the

bilayer period of Table Il1.

Figure 4 Fe K.1 (200) rocking curves of AlSb/GaSb

- 39 -
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superlattice. The calculated curve used the period

of Table III.

Figure 5 Fe K.1 (422), Y0 > 'YHI rocking curves of

AlSb/GaSb superlattice. The calculated curve used

the period of Table III.

Figure 6 Cu K.1 (422), Y0 
< 'YHI rocking curves of

AlSb/GaSb superlattice. The calculated curve used

the period of Table III. The absolute reflecting

power of the measured curve is underestimated, as

discussed in the text.
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Depth profiles of perpendicular and parallel strain in a GaAs,,P1 _ _/GaP

superlattice
V. S. Speriosu'a and MA. Nicolet
California Instiute of TechnoloV, Pasadena. Cal(ifonia 91125

, S. T. Picraux and R. M. Biefeld
Sandia National Laboratories. Albuquerque. New Mexico 87185

(Received 6 March 1984; accepted for publication IS May 1984)

Using double-crystal x-ray rocking curves, depth profiles of parallel and perpendicular strain were
obtained in a GaAso . 4Po0 /GaP superlattice grown on a buffer layer on (100) GaP. Combining
symmetric Fe K., (400) and asymmetric Cu K,. (422) reflections, a constant parallel strain of 0.19%
relative to the substrate was found throughout the superlattice and buffer layer. Relative to the substrate,
the perpendicular strain was found to be0.26. in the buffer, and 0.80% and - 0.19% in the 176-A.-thick
superlattice GaAs, P, _ and GaP layers, respectively. The strain profiles indicate the buffer is - 80%
decoupled from the substrate by misfit dislocations near the buffer/substrate interface, and the lattice
misfit in the superlattice is elastically accommodated by the epitaxial structure with a small shift in the
average lattice constant relative to the equilibrium superlattice structure.

I.

Superlattices' are a class ofepitaxial materials grown by vapor deposition (MOCVD) on a (100) oriented GaP sub-
periodic depth modulation of the composition. When the strate at 800 "C.'3 The superlattice consists of 30 alternating
lattice parameters of the alternating layers are unequal, the layers of GaP and GaAs, P,_ with x near 0.14. A
modulation of the composition results in a modulation of the GaAs P, -, (y-0.07) buffer layer was grown between the
lattice parameter (i.e., strain). For strained-layer superlat- substrate and superlattice. For directions perpendicular and
tices (SLS'sl of good quality, the misfit strain is entirely ac- parallel to the (100) surface we define the strain in the layers
commodated by elastic deformation in the layers. The elec- relative to the substrate by
trical and optical properties of semiconductor SLS's depend =

on the state of strain as well as on the composition modula
tion of the layers.2  where i corresponds to 11 or ., and af and a, refer to the film

Present growth procedures frequently incorporate a and substrate lattice parameters, respectively. This defini-

buffer or graded layer between the superlattice and the sub- tion of strain differs from the standard definition in elasticity

strate. ' Models of strain in the superlattice and buffer have theory where strain is defined relative to the lattice parar-

evolved from measurements of dislocation densities, 34 '6 and eter of the free film rather than the substrate. From the equi-

by ion channeling,".' electrical," and optical' property mea. librium lattice parameter of the film, it is a simple matter to

surements. It is thought that if the buffer is sufficiently thick, convert x-ray strain given by Eq. (1) to the strain of elasticity

the lattice mismatch between the buffer and substrate can be theory.

accommodated by misfit dislocations in the buffer layer. If a Double-crystal x-ray rocking curves were obtained us-

buffer composition close to the average composition of the ing the Fe K, (400) and Cu K, (422) reflections. The sym-

superlattice is used, the lattice constant at the buffer surface metric (400) reflection is sensitive to e only, while the asym-

can be set to minimize the elastic strain energy stored in the metric (422) reflection measures both e and e'. For the (422)

SLS. In this idealized case, the superlattice is decoupled reflection with the incident beam at glancing angle

from the substrate and the state of strain in the superlattice is 0. = 79r, the sensitivity to ell is five times greater than that

determined entirely by the lattice mismatch, elastic proper- to e. The x-ray beam was first collimated and rendered

ties, and thicknesses of the superlattice layers. nearly monochromatic by the (400) reflection in (100) GaAs

Double-crystal a-ray diffraction has also been used to for the Fe K., (400) reflection and by the (333) reflection in

obtain depth profiles of composition and superlattice strain ( 11!) Si for the Cu K,, (422) reflection. The divergence of

in the direction perpendicular to the crystal surface." the beam incident on the sample was less than 20 arcs. The

However, x-ray rocking curves are also capable of providing spot size at the sample was limited by a set of slits to

depth profiles of strains in directions other than perpendicu- 0.5 x I mm or less. The incident beam intensity was l0r-10W
ar to the surface. " 2 In this letter we present rocking curve counts/s, depending on the reflection and spot size. Rocking

determinations of the depth profile of strain both perpendic- curves (reflecting power versus angle) were measured with a

ular and parallel to the surface for a GaAs, P, - ./GaP su- microprocessor-controlled diffractometer. A detailed dis-

perlattice. The results provide the first direct determination cussion of the application of x-ray analysis to superlattices

of the three-dimensional state of the strain in SLS and buffer will be given elsewhere."

layers. Theoretical rocking curves were obtained using a kine-

The superlattice was grown by metal organic chemical matical model of diffraction in epitaxial layers with diffrac-
tion in the substrate treated using dynamical theory." The

Pretmt address: IBM, Research Dvimon. 00 Cottle Road. San Jose, structure factor and normal absorption coefficient were cal-
Caltforna. culated from the approximate composition and tabulated
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atomic scattering values."s Although the structure factor of TABLE t. Profiles of perpendicular and parallel strain in buffer and super.

GaP is different from that of GaAso ,4 Po.,, the average lattice. Strain is defined with respect to the subtrate (see Eq. (Ill.

composition was used for the superlattice layers. While the Thickness
modulation of the structure factor does in general affect the Thickness

rocking curve, in the present case its influence is much lower
than that of the strain modulation. 4 Rocking curves were Superla

tt ice
calculated using the nominal number of superlattice periods GaAs P, ,. layers 176 0.80 0.19

GaP layers 176 -0.19 0.19
(15) and assuming that each period consists of layersA and B,
each with its own thickness and e€ and el values. The pres- Buffer 10-_0 0.26 0.19

ence of a buffer layer of arbitrary thickness and strain gradi- 'Number of periods - 15.
ents was also allowed. The strain distribution was varied "Value assuming same structure factor as for SLS. Angle lap and chemical

through a systematic tril-and-error procedure" until a stain results suggestathicker buffer layer (- 1.7umi)suggestingalowenng

good fit to the experimental curves was obtained. Good of the structure factor for the buffer layer possibly due to point defcts.

agreement between measured and calculated curves deter-
mines the average superlattice periodicity and strain, as well perlattice. The ' values in the GaAs, P, -, and GaP layers

as the strain in the buffer layer, to a precision of about were found to be uniform throughout the SLS. The e in the

± 2%. t The amplitude of the superlattice strain modula- buffer is also uniform throughout most of the buffer layer

tion and the relative layer thickness should be accurate to thickness, with the transition region (where e' drops to zero

within 5%. at the interface with the substrate) confined to less than 10%

Figure I shows experimental (dashed line) and calculat- of the buffer layer thickness. The values of e' obtained with

ed (solid line) rocking curves. The angle 4O is shown relative the Fe K., (400) rocking curve were used together with the

to the Bragg angle of the substrate peak. The abscissa is Cu K, (422) rocking curve to obtain the depth profile of El.

shown at significantly higher magnification for Fig. 1(b) than The large E4 indicates that, to a significant extent, the buffer

l(a), because of the narrower intrinsic diffraction widths and and superlattice are crystallographically decoupled from the

satellite structure for the (422) reflection. The calculated underlying substrate. The uniformity of ell versus depth sug-

curves are the plane wave, planar structure solutions con- gests that the decoupling has occurred by misfit dislocations
volved with Gaussians with standard deviations of45 and 20 originating in a narrow region (< 0. 1 jm) of the buffer near

arcs for Figs. l(a) and l(b), respectively. Although in Fig. l(b) the substrate consistent with previous studies.' From the

the predicted narrow oscillations for the (422) reflections measured parallel strain of 0.19% we may estimate, for ex-

were not resolved experimentally, the envelopes of the ample, -S X 10' misfit dislocations of type b = 1/2 (011)
curves are in agreement. The broadening of the narrow sci- along a unit length of line in the plane of growth, or a total of

lations implies small undulations in atomic planes and/or - l0'/cm2 in the transition region near the buffer/substrate
fluctuations in the local value of strain. Although lateral interface.

variations in strain and undulations in crystal planes affect If the buffer layer was totally decoupled from the sub-

the results of Fig. l(b) much more than Fig. l(a), both rock- strate then theE and el values would be equal to each other

ing curves imply undulations of less than I arcmin. and would correspond to the equilibrium lattice constant as

Final results for the depth profile of the strain corre- defined by Eq. (1). For the case of (100) oriented layers and

sponding to the rocking curves of Fig. I are given in Table I. isotropic in-plane strain, the perpendicular and parallel

The Fe K,, (400) reflection determined the values of the per- strains are related by
pendicular strain and layer thickness for the buffer and su- e = (1 + 2C,2/C,) a0 - ao.PV/a0o - e 2C, 21/C.,, (2)

where the layer o4, e1 are referenced to the GaP substrate

(a (b) [Eq. (1)], C,, and C, 2 are the elastic constants'" and ao the

,-66 , unstrained lattice constant of the layer. For the
-esp,,. E GaAs, P -, buffer layer we obtain ao = 5.463 A; which

-!* fromEq.(l)correspondstoE' =El = 0.23%. Thus the buff-

i er 4yer contains a small residual coherency strain of
2 4eCAl= (0.23*- 0.19) = 0.04%. Also by Vegard's law for al-

loyed semiconductors we may infer a composition
i 0"y = 0.061 ± 0.003, which is close to the nominal value of

0.,, 0.07. From the e' and ell values in the SLS we may similarl
determine an equilibrium lattice parameter ao = 5.4560

6.009 for the GaAs, P,-. layers, which corresponds to
'IAGIx = 0.14 ± 0.01; independent Rutherford backscattering

., ., -ID s 0 0.5 IS 4.4 .0. 00 0.3 measurements gave a consistent value of x = 0.16 ± 0.02.
-,tA ,,,rr1 ioa ort "WA 1"0.) One can verify this procedure by applying it to the superat-

FIG. I Measured (dashed line) and calculated (solid line) rocking curves tice GaP layers for which the relaxed unit cell should be
corrpoesnding to the (a) Fe K., 1400) reflection and (b) Cu K., 1422). identical to the substrate. For the GaP layers Eq. (2) yields
#., -7 r. The substrate, buffer and zero order superlattice peaks are indi.
cated by s. b, and 0, respectively; in (al the superlattice + I order peak falls ao = 5.4504A compared to the bulk value of 5.4512 A. The
-der the bufter . difference corresponds to an error of - 3 X 10-', which is

224 AppI. P y. Lon., Vol. 45. No. . 1 August 1964 SOON5 a. 224



probably due to a misorientation of - I'n the (100) axis of ing curve method is a powerful tool to determine the com-
the substrate. plete state of strain of strained-layer superlattices.

The equilibrium value for the in-plane lattice constant
* of the SLS can be calculated under the conditions of the

superlattice floating free of the buffer and substrate.' This The work of the Caltech group was supported by the
corresponds to the minimum stored energy in the superlat- Defense Advanced Research Projects Agency (MDA 903-
quice, and using the above composition values we obtain an 82-C-0348) (S. Roosild) and the work of the Sandia National

equilibriume = 0.25%. This in-plane strain is larger than Laboratories group was supported by the U.S. Department
the observed et of 0.19% and indicates that a small, cumula- of Energy under contract number DE-AC04-76DP00789.
tive component of compressive stress is stored in the SLS.
This offset is produced by the slightly lower than ideal lattice
constant at the buffer surface, and arises from the residual
coherency strain in the buffer and the slightly lowet 'L. Esaki and L L Chang, Phys. Rev. Lett. 33,495 (1974).

= 0.061 vs 0.07) than optimal As concentration in the G. C. Osboum, J. Appl. Phys. S3, 1586(19821.
J. W. Matthews and A. E. Blakelee. J. Cryst. Growth 32. 265 (1976).

buffer layer. We suggest thatlsch effects may We imporlint 'M. D. Camras, 3. M. Brown, N. Holonyak. Jr.. M. A. Nixon. R. W. Ks-
factors in the stability of SLS structures under the growth of hski M. j. Ludowi. W. T. Detze, and C. It Lewis. 3. Appl. Phys. 4,
thick layers or in subsequent device applications. 6183(1983).

In summary, we have used x-ray rocking curves to mea- 'S. T. Picraux. L. It. Dawson, 0. C. Osbourn, R. M. Biefeld. and W..K.Insurey th depth profie s e p rp iaro n parle stra i Chu, Appl. Phys. Lett. 43, 1020(19831.
sure the depth profiles of perpendicular and parallel strain in '. H. Olsen, M. S. Abrahsms, C. J. Buioechi, and T. J. Zamerowski J.
a GaAs. P, - ,/GaP superlattice. The technique is simple, Appl. Phys. 46. 1643 (19751.
rapid, nondestructive and unmatched in its ability to obtain 'W. -K. Chu, C. K. Pan, and C. -A. Chang. Phys. Rev. B 28.40331193.

* strain profiles with high precision. The nonzero parallel 'I. J. Fritz, L It. Dawson, ad T. E. Zipperian, Appl. Phys. Let. 43, 846
(1953;.strain in buffer and superlattice layers provides direct evi- 'Armin Semfller, P. Krishna. and L. Esaki. J. Appl. Cryst. 10, 1 (1977).

dence for the hypothesis that the epitaxial structure is crys- '*R. M. Flemmig, D. B. McWhan, A.C. Gonard. W. Wiegman, and t. A.
tallographically decoupled from the underlying substrate. Logan. J. Appl. Phys. t, 357 (1980).
The strain decoupling occurs in a narrow region at the buff- "V. S. Speriomu J. Appl. Phys. 52, 6094 (1981).Tesustraeintdefae.pl Tho m ined alues reiof parlel a. 'V. S. Sperioa and C. H. Wilts. J. Appl. Phys. 4. 3325 (193).
i er/substrate interface. The combined values of parallel and 13R. M. Riefeld, 0. C. Osbourn, P. L Gourley, nd 1. J. Fritz. . Electron
perpendicular strains provide a detailed description of the Mater. 12,903 (19831.
state of elastic strain of the structure. A discussion of the "V A. Speriosu, B. M. Paine, and T. Vre, Jr., J. Appl. Phys. (in pres).
degree of decoupling for different buffer layer conditions, as "J. A. then and W. C. Hamilton, 9s., Vnatonal abaforX-Ray crp-

taliogrophy (Kymoch, Birmingham, 1974), Vol. IV.
well as comparisons with other techniques, will be given lat- 6j. Hornstra and W. J. Banels. J. Cryst. Growth 4. 5 13 (19781. Note mis-er in a detailed report. We may conclude that the x-ray rock- print in Table I; C1 1 6.153 x tO" dyn'cm2 for GtP.
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INTERFACIAL STRAIN IN Al xGalxAs LAYERS ON GaAs

V. S. Speriosu and M-A. Nicolet j
California Institute of Technology

Pasadena, California 91125

J. L. Tandon and Y. C. M. Yeh
Applied Solar Energy Corporation

City of Industry, California 91749

Abstract

Detailed analysis of x-ray rocking curves was used to

determine the depth profile of strain and composition in a 2500

thick layer of Al xGai1xAs grown by metalorganic chemical vapor

deposition on (100> GaAs. The x-value and layer thickness were

In good agreement with the values expected from growth

parameters. The presence of a transition region, 280 A thick,

was detected by the rocking curve. In this region, the Al

concentration varies smoothly from 0 to 0.87. Measurement and

control of the sharpness of such interfaces has important

implications for heterojunction devices.
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In epitaxially grown layers where the composition is

modulated, one expects the existence of interfacial transition

regions with smoothly varying composition. It is difficult to

predict from first principles or growth conditions the thickness

of such a region. Measurement of transition regions is also

difficult. The x-ray rocking curve has been shown (1-3) to be a

highly sensitive tool for measuring strains due to composition

variations. More recently the technique has also been used to

obtain detailed strain profiles in epitaxial structures (3 "5 ). In

this letter, we report rocking curve measurements which

demonstrate that the technique can probe transition regions with

thicknesses above N 50 A.

The AlxGa1.xAs layers used in this study were grown by

metalorganic chemical vapor deposition (MOCVD) on GaAs substrates

oriented 2 to 3 off <100> axis. The layers were grown in a

computer-controlled reactor at -. 730°C. The trimethylaluminum

and trimethylgallium ratios to arsene were adjusted to obtain a

growth rate of n- 550 A/min. From the growth parameters, the

expected Al concentration was nu 0.88 and the layer thicknesses

2200 A. Bragg case double-crystal x-ray rocking curves were

obtained with the Fe K a (400) reflection. The x-ray beam was

collimated and rendered nearly monochromatic by (400) reflection

in <100> GaAs. The incident beam divergence was below 20 arcsec.

The spot size was limited to \, 2 mm x 1 mm. Experimental rocking

curves were fitted using the method of Ref. (4). For the

calculated curves, a structure factor and absorption coefficient

in the epitaxial layer corresponding to 0.88 Al was used. The

-2-



strain profiles obtained are in the direction perpendicular to

the surface and with respect to the GaAs substrate.

Figure l(a) shows experimental (dashed line) and calculated

(solid line) rocking curves of a representative sample. The

angle Ae is plotted relative to the Bragg angle of the substrate

peak which has a maximum reflecting power of - 50%. The

oscillatory structure at Ae < 0 is due to the epitaxial layer.

The calculated curve is obtained from the strain profile of Fig.

l(b). The strain c - 0.231% and the thickness T = 2520

produce a reasonably good fit to the experimental curve (Fig.

1(a)). However, there remains a discrepancy between measured and

calculated amplitudes of the subsidiary oscillations, especially

for -0.1 < A6 < -0.03 . This discrepancy can only be removed

(Fig. 2(a)) by a strain profile which includes a transition

region, as shown in Fig. 2(b). The thickness (280 A) of this

region and its strain profile are determined by matching the

experimental curve.

An increase of 140 A in the thickness of the transition

region (Fig. 3(b)) results in a distinctly poorer fit (Fig.

3(a)). Comparison of Figs. 1 through 3 clearly demonstrates the

sensitivity of the technique in detecting the transition region

and also In determining its thickness. The thickness is 280 A to

an accuracy better than 50 A. Although the strain is expected to

vary smoothly, its profile in this region is represented by two

discrete, equally spaced steps since the resolution does not

permit finer detail. Due to the very low absorption of x rays in

thin layers, the calculated curve is insensitive to mirror

-3-
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reflections of the strain profile. Thus the transition region

could be at the air-film interface. In addition, because of the

small thickness of the transition region compared to that of the

film, the possibility of thinner transition regions on both sides

of the film with total thickness of 280 A cannot be ruled out.

This ambiguity can be resolved by etching a few hundred A off the

surface and remeasuring. Independently, the growth conditions

suggest that there is only one transition region located at the

layer/substrate interface.

From Fig. 2(b), the total thickness of the epitaxial layer

is 2520 - 50 A. Using bulk AlAs and GaAs lattice parameters and

elastic constants of GaAs (6 ), a strain e = 0.231% corresponds to

an Al concentration x = 0.87, in good agreement with the expected

value (0.88). Since the strain is uniquely related to the

concentration of Al, a strain profile corresponds to a profile of

Al concentration. Thus the concentration of Al varies smoothly

from 0 to 0.87 over a 280 A thick transition region at the

layer/substrate interface.

In conclusion, the x-ray rocking curve technique is

an excellent tool for the characterization of interfacial

transition regions. For the epitaxial Al xGai xAs layer, 2520 A

thick, considered in this letter, the thickness of the transition

region has been measured with an accuracy better than 50 A.

4
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Fiure_Captions

Figure 1 (a) Measured (dashed line) and calculated (solid

line) Fe K 1 (400) x-ray rocking curves of a

Al xGai1xAs/GaAs sample. The calculated curve

corresponds to the flat strain profile shown in (b).

Figure 2 (a) Measured (dashed line) and calculated (solid

line) Fe K0i (400) x-ray rocking curves of the same

sample as in Fig. 1. The calculated curve in this

case includes a 280 A thick transition region with

strain profile as shown in (b).

Figure 3 (a) Measured (dashed line) and calculated (solid

line) Fe Ki (400) x-ray rocking curves of the same

sample as in Fig. 1. The calculated curve corresponds
0

to the strain profile in (b) with a 420 A transition

region.
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ANALYSES OF METALORGANIC CHEMICAL VAPOR DEPOSITION-GROWN

Al Ga lxAs/GaAs STRAINED SUPERLATTICE STRUCTURES BY

BACKSCATTERING SPECTROMETRY AND X-RAY ROCKING CURVES

A. H. Hamdi, V. S. Speriosu a ), and M-A. Nicolet
California Institute of Technology

Pasadena, California 91125

J. L. Tandon and Y. C. M. Yeh
Applied Solar Energy Corporation

City of Industry, California 91749

ABSTRACT

Backscattering spectrometry with channeling and x-ray

rocking curves have been employed to analyze metalorganic

chemical vapor deposition-grown Al Ga I~As/GaAs strained

superlattice structures in significant detail. Both techniques

complement each other in the precise determination of

composition, thickness and strain in the individual layers of the

superlattices. In addition, the sensitivity of the two

techniques allows quantitative measurements of transition regions

at the interfaces of various layers. Such fine probing into thin

layered superlattice structures provides essential feedback in

controlling their growth.

PACS numbers: 68.55 + b, 61.10, 81.15. Gh, 72.80.Ey
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In the past decade , strained thin layer Al xGa l-x As/GaAs

superlattice (SLS) structures have received considerable

attention because of their unique electrical and optical

properties('). Modern developments in Molecular Beam Epitaxy

(MBE) and Metalorganic Chemical Vapor Deposition (MOCVD) have

made the growth of these structures possible with a claimed

individual layer thickness of as low as %,60 (2). However, to

control the growth of these structures, accurate quantitative

measurements of their composition, thickness and uniformity are

mandatory. Analytical techniques that have been used mainly to

characterize SLS structures, e.g. Auger Electron Spectroscopy

(AES), Secondary Ion Mass Spectrometry (SIMS), Transmission

Electron Microscopy (TEM), are all destructive and have not been

able to provide precise details sufficiently. In addition, AES

and SIMS require standards for absolute determination of

composition and have limited depth resolution.

In this letter, Backscattering Spectrometry (BS) with

channeling and x-ray rocking curves have been employed to analyze

MOCVD grown Al xGa lxAs/GaAs SLS structures. The two techniques

are essentially non-destructive, self-calibrating, and together

provide the precise determination of composition, strain,

thickness, crystal quality and uniformity of the SLS structure.

The Al xGa1.xAs/GaAs SLS structures used in this study were

grown in a computer-controlled large-capacity MOCVD reactor. The

reactor is production-compatible with a handling capacity of 90,

2 cm x 4 cm wafers at a time. Two sets of SLS structures were

grown on semi-insulating GaAs wafers oriented ' 20 off <100>

2
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axis. Individual layers of Al x GaixAs and GaAs were grown at

"730°C by switching on and off the Al source (trimethyl-aluninum)

and modulating the mole fraction of the Ga source

(trimethyl-gallium). Table I gives the time cycles involved in

the growth of one period of the two SLS structures, along with

the expected thicknesses calculated from growth rates determined

from measurements made on thicker (-. 2000 A) layers. These two

SLS sets represent typical samples expected to be grown in a real

production-type large-scale MOCVD reactor with a reasonable

growth rate (% 7.5 A/sec).

BS measurements were made by a 2 MeV 4 He+ beam tilted at an

angle of 80° with respect to the sample's surface normal, to

obtain high depth resolution(3 ). Channeling was carried out

along <100> axis. Bragg case, double-crystal, x-ray rocking

curves were obtained with the Fe K., (200) reflection. The x-ray

beam was collimated and rendered nearly monochromatic by (400)

reflection in <100> GaAs. Experimental rocking curves were

fitted using a kinematical model of x-ray diffraction in thin

(4)epitaxial layers

Backscattering and channeling spectra obtained from SLS1

(see Table I) and virgin GaAs samples are shown in Fig. 1. The

oscillatory behavior in the random spectrum is due to modulation

in the Ga concentration in the alternating layers of Al xGai1xAs

and GaAs. The spectrum resolves only the first four periods of

the sample. A 80* tilt angle was used for this measurement to

enhance the depth resolution near the surface. Also, resolving

deep layers becomes difficult due to the interfering signals from

3

• "Or



Al. Compared with the random spectrum from the virgin GaAs

sample, the random spectrum from the SLS1 sample has a lower

yield. This implies that in the growth of the SLS1 structure,

pure GaAs layers were not achieved (the energy resolution of the

measurement system used in 5 channels, which is enough to resolve

at least the first GaAs peak in the SLS1 spectrum).

Corresponding measurenents carried out at a 450 tilted angle,

where the analyzing beam probed to a greater depth into the

samples, showed that both the virgin and the SLS1 samples had

identical substrate yields. It is also interesting to observe a

nonsymmetry in the signals of the individual periods. This

reflects the existence of uneven composition transition regions

at the two interfaces in a period of SLS1 structure. However,

excellent crystalline quality of the SLS1 sample was verified by

channeling along the <100> direction. The measured minimum yield

of -. 5% is comparable to that of the virgin GaAs sample.

The measured (dashed line) and calculated (solid line) x-ray

rocking curves obtained from the SLS1 sample are shown in Fig. 2.

The angle Ae is plotted relative to the Bragg angle of the

substrate peak. The reflecting power is normalized with respect

to the intensity of the incoming x-ray beam. Several peaks in

the rocking curves are observed which are due to the periodicity

In the sample. The substrate peak is at Ae = 0. The major peak

P0 (which overlaps with the substrate peak in this case) measures

the average strain in the SLS structure. The magnitude of the

average strain was determined using Fe K(1 (400) reflection In

another measurement where P could well be separated from the

-4-
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substrate peak. The separation between the subsidiary peaks (Pi.

P-l etc.) in Fig. 2 corresponds to the average period thickness

of the SLS structure. Details of the interpretation of the

rocking curves for SLS structures are given in Ref. (5). The

calculated curve was fitted to the experimental curve using a

kinematical model of x-ray diffraction in thin epitaxial

layers (4 ) ,  In the fitting, normal absorption coefficient and

structure factor values were calculated from the tabulated atomic

scattering factors {6 ). Best fitting was accomplished by

incorporating nonsymmetric transition regions at the two

interfaces of the one period in the SLS structure, without

feedback from the BS data. The strain distribution as a function

of thickness in one period of SLS structure which provided the

best fit to the experimental curve is given in Fig. 3. Since a

one-to-one correlation exists between strain and Al construction

in Al xGa 1xAs/GaAs structures(7), an analysis of the rocking

curve quantitatively determines the variation of Al concentration

in the period. The result of this calculation is also reported

in Fig. 3 (right-hand scale), and confirms the BS observations

that Al undergoes uneven composition transition within one

period. The sensitivity of the fitted rocking curve is such that

the mismatch between the higher order peaks in the measured and

the calculated curves in Fig. 2 suggests a nonuniformity in the

thickness of the various periods of < 50 A.

The skewed strain (Al concentration) distribution determined

by x-ray rocking curves in the period of SLS1 sample is compared

with expected sharp distribution in Fig. 3. The average measured

-5-



thickness of the period Is 410 + 15 A(8) when compared with

expected thickness of 120 A. The steps in the strain

distribution are only suggestive of the true strain curve which

one should expect to be continuous, as shown in Fig. 3 by the

dotted curve. Qualitative features of this continuous strain

(composition) curve are also evident from the BS measurements

(see Fig. 1).

The skewed strain curve provides insight into the growth of

AlxGal xAS and GaAs layers within the period of the SLS1 sample.

The relatively sharp rise during the growth of the Al xGal1xAs

layer is explained by a rapid injection of Al and Ga source gases

into the reactor (see Table I). On the other hand, upon shutting

off the gas supply, the residual gases in the reactor must be

pumped out, which is slow and accounts for the extended tail in

the Al composition and the strain curve. The non-zero strain

beyond the tail suggests again that the growth of the pure GaAs

layer was not achieved, as indicated by BS measurements (Fig. 1).

Measurements conducted on the SLS2 samples (see Table I) revealed

similar skewness in the strain (composition) distribution,

confirming that the thickness of the transition regions were

related to the reactor growth parameters.

In conclusion, the combined use of BS with channeling and

x-ray rocking curves has provided detailed information about the

depth distribution of composition, thickness, strain, crystal

quality, and uniformity of Al xGaI xAs/GaAs SLS structures.

Precise information such obtained proves useful in giving

feedback in the controlled growth of these structures.

-6-
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TABLE I. Growth Parameters for SLSl and SLS2 Samples.

Time Schedule for Growth of One Period
_____ _____ ____ (sec)

TMA ON -4 TMA 0O.' TMA OFF Expected
(MF=2.06x104  Period
TMG ON -5 TMG, OFF TMG ON Thick-
(MF=1.44x105  (MF=l.15xl0 nss

SLS 1
(10 Periods) 7 20 9 120

SLS 2
(15 Periods) 24 20 30 400

REMARKS: MF = Mole fraction
TMA = Trimethyl-aluminum
TMG = Trimethyl-gallium
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FIGURE CAPTIONS

Figure 1 Random (800 tilted) and <100> channeled

Backscattering spectra obtained from SLS1 and

virgin GaAs samples. The lower yield of the

random SLS1 spectrum, when compared with the

random virgin GaAs spectrum, implies that pure

GaAs layers were not achieved during the growth

of the SLS1 structure.

Figure 2 Measured (dashed line) and calculated (solid

line) x-ray rocking curves obtained from the SLSI

sample with Fe K i (200) reflection.

Figure 3 Depth distributions of perpendicular strain and

Al concentration in one period of the SLS1

sample. The expected distribution was estimated

from growth rates determined by 'c-step'-stylus

type measurements performed on "' 2000 A thick

layers. See text for the explanation of measured

and real distributions.
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A STRUCTURE STUDY OF GaSb/A1Sb STRAINED LAYER SUPLRLATTICE
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Chapel Hill, North Carolina 27514

V. S. Speriosu and M.-A. Nicolet
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ABSTRACT

Due to the lattice mismatch between GaSb and AlSb, a superlattice con-

sisting of alternating layers of these materials will be strained. We have

carried out ion channeling measurements by backscattering of 1.76 MeV He ions

and present an experimental procedure and data analysis technique to measure

the difference in strain between the two individual layers of the super-

lattice. A computer simulation of channeling in the superlattice has been

made. The results are in excellent agreement with the channeling measure-

ment. X-ray rocking curve analysis yields detailed profiles of strains in

directions perpendicular and parallel to the surface. The X-ray value for the

strain present at an unirradiated spot on the crystal is in excellent agree-

ment with the value calculated by elasticity theory. In the bombarded region

the values of strain are less than the value calculated by elasticity theory.

It appears that bombardment by the He ions reduced the strain by 50% and

created lateral inhomogeneities in the crystal structure.

*

*:Permanent address: Jiangxi Engineering Cnllcge, Jtalngxi, China.
Perinatient address: Jianjxi Education Cul1,v,, Jtingxi, China.
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I. INTRODUCTION

Superlattices fabricated by epitaxial growth of alternating layers of two

different semiconductors constitute a group of materials with unique elec-

trical and optical properties. The introduction of lattice mismatched

superlattices I has broadened this group of materials. Under certain circum-

stances the lattice mismatch in these systems will be accommodated by an

approximately uniform strain.1-3 This makes it possible to use a larger

variety of semiconductor materials in the alternating layers. Besides, the

strain in each individual layer can be used to modify the intrinsic physical

properties and the structures are also of interest for zone folding experi-

ments. It is well known that there exists some maximum thickness of a lattice

mismatched epitaxial overlayer above which dislocations develop and the strain

is less than for thinner layers. In equilibrium this can be predicted;

however, it is not yet clear where these limits will be for the different

specific growth conditions used to fabricate various superlattices. Further

it is not clear how stable these structures will be. For these reasons strain

measurements on superlattices are an important task In the characterization of

these materials.

Ion beam channeling and X-ray diffraction have proven to be valuable

tools for characterizing strained layer superlattices. X-ray diffraction has

provided detailed depth profiles of perpendicular strain in AlAs/GaAs

superlattices.4 '5 The first investigation of strained superlattices with the

backscattering channeling method was carried out on a GaSb/InAs superlattice

structure.6'7 Recently various different methods for the characterization and

measurement of the strain in superlattices have been developed.
8- 11

We have previously reported upon the channeling measurement of strain in

a GaSb/AISb superlatttce.8  The measurement was based upon the fact that for a

2
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superlattice grown along the [1001 direction the "angle for best channeling"

along the [110] direction will be different for the individual layers in the

superlattice. The angle difference for best channeling of first and second

layer was measured to be 0.17 ± 0.03o If the lattice mismatch is completely

accommodated by strain in the layers, one can calculate the magnitude of the

angle between [110] axes of two layers from elastic constants and lattice

parameters of the individual layers. We named that a "kink angle".

In this paper, we will elaborate on the channeling measurements briefly

reported earlier,8 and also include X-ray rocking curve analysis and computer

simulations of the same GaSb/AlSb superlattice sample. A comparison between

the results and an evaluation of the methods used will be given.

II. EXPERIMENTAL PROCEDURES

In this section we will describe the sample preparation, details of the

ion channeling measurements and details of the X-ray measurements.

The layered structure of the sample used in this investigation is given

in Fig. I. The sample was a GaSb/AlSb (30 nm/30 nm) periodic structure with a

total of 10 periods. The films were grown by Molecular-Beam Epitaxy. A 2 Um

thick GaSh buffer layer was first grown on a GaSb [100] substrate to smooth

the surface. Details of the growth procedure have been given elsewhere.
12

Figure 2 shows a schematic model of a strained-layer superlattice. The

GaSb layer is unstrained due to its conformity with the substrate. When

layers with different lattice constants are grown on top of each other and the

interface atoms are in registry with each other, the lattice constant perpen-

dicular to the growth direction will be different for the two layers. When

the growth direction is along the [100] direction, this will cause the 111)0

crystallographic direction to be different for the two layers. A "kink anigle"

is developed.

3
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I
Ion backscattering and channeling is well described by several

authors. 13' 14 In this investigation, backscattering of 1.76 MeV 4 He+ ions

with a scattering angle of 162" was used. Figure 3 shows schematically the

situation when the sample is aligned so that the beam is along the 1110]

direction. As shown In the figure, the [110] axis is kinked at each interface

of the superlattice. The channeling measurements in this work consist of

collecting backscattering spectra for several incident directions separated by

small angles all lying in a plane containing the [110] axis.

For aligning the crystal with one of the <110> axes we use a two axis

goniometer with a rotational axis designated # and tilt angle designated 6.

The axis of rotation is perpendicular to the surface and the tilt axis is in

the surface plane and perpendicular to the beam direction. Figure 4 shows

part of a polar diagram of crystallographic axes and planes in a coordinate

system tied to the experimentally recorded tilt and rotation angles.

The major crystallographic planes shown in Fig. 4 are first found from

monitoring "dips" in the backscattering intensity when the sample is rotated

and the surface normal is tilted several degrees away from the beam direction.

The minima found in this way are then plotted in a polar diagram where the

coordinate system is defined by the tilt angle e and the rotation angle *. A

<100> axis is then found by setting the gonlometer to the intersection of

lines through these points followed by a fine tuning. Then a <110> axis is

found by "bobsleighing" along a (1001 plane until the minimum is found close

to a <110> direction. This corresponds to the minimum scattering intensity

averaged over several superlattice periods. The actual angular scan is then

performed by varying both 8 and # for each step in the scan so that the

angular scan plane does not coincide with any major crystallographic planes.

The chosen scan direction in our experiments made an angle of 14" to a (100)

4
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plane. The exact angle In the crystal between the <100> and <110> directions

cannot be precisely determined in our measurements since small Inaccuracies in

the experimental setup could Influence this. However, the precision in

measuring small differences between angles is very good (t 0.020). Details on

the channeling data reduction procedures will be given in section IV.

The same samples used in the channeling measurements were also

characterized by x-ray rocking curve analysis. Details about experimental V
procedure to characterize the depth distribution of strain in strained layer

superlattices have previously been described.4 '5 '15- 17 In this investigation

a double crystal diffractometer with Fe(KQ1 ) radiation was used. A [100] GaAs

crystal was used as the first crystal with (400) reflections for both sample

and first crystal. The experimental data are analyzed by comparison with

computer calculated reflection intensities. 15 The computer program assumes a

certain strain distribution with depth and scattered x-ray intensities are

modeled by kinematical theory which is a good approximation under the present

circumstances. A detailed discussion of x-ray analysis of superlattices and

additional information on measurements of the present samples is given

elsewhere.
18

III. STRAIN CALCULATIONS

In this section we present the values for the expected lattice constant

in the superlattice structure under study and also the expected values for the

angle between the (110] directions of each of the layers in the superlattice

based on elasticity theory of layered structures.

GaSb and AlSb which contribute the individual layers in the superlattice

both have the Zinc blende crystal structure and their lattice constants are

only slightly different from each other. In Fig. 2, a1 and a2 are the bulk

5



lattice constants for GaSb and A1Sb respectively. a2 is slightly larger than

a,. The lattice mismatch f defined by

f 2(a2al) ()

(a2+a(

is 0.65%.

When a thin layer is grown on the substrate, atoms will register at the

atoms of the substrate. The lattice constant aI in the growth plane (Fig. 2)

will then conform to that of the substrate. As the substrate is much thicker

than the layers in the superlattice, the changes in the lattice constant of

the substrate will be insignificant. Thus, the AlSb layers in the super-

lattice will register with a parallel lattice constant close to that of the

bulk (i.e. a, 0 a ) The lattice constant perpendicular to the plane a

can be calculated from the Poisson Effect.

IC 11 GaSb IaI1 1 a - a2-2 ~ ) - 1 (2

(2) C 12
al2 a2 2 (a a 2) (2)t~

11 AlSb

where, a)and a are the lattice constants perpendicular to the plane for

GaSb and AlSb respectively. C11 and C12 are the elastic stiffnesses corres-

ponding to stress along the growth direction and to a direction in the growth

plane respectively.

In our case, the GaSb layer can be practically unstrained since a I is

very close to £1.

The [110] axis of the strained layers are changed while no change occurs

in the unstrained layers with respect to the [1101 axis of the substrate. The

b
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angle he between the [110] axis of the two different layers can be calculated

from

a(2) &0)~

Ae e - el = arctan .l arctan ± (3)
2 1a 1

he is the "kink angle" which is a way to express the strain of the system, and

82 and el are defined in Fig. 2.

A tabulation of calculated values of the "kink angles" for the super-

lattice under study is shown in Table 1, for two different values of the

lattice constant of GaSb cited in the literature. We expect the lattice

parameter of Ref. 19 to be a more accurate one which is in agreement with the

published value of the National Bureau of Standards (NBS). A similar calcu-

lation assuming that both layers of the superlattice are strained, as would

have been the case if the growth had started out with an infinitesimally thin

substrate or with a buffer layer decoupling the superlattice layer from the

substrate completely, do not make any significant difference in the value of

the calculated "kink" angle AO. Experimental measurement of the "kink angle"

is given in the next section.

IV. CHANNELING MEASUREMENTS

Fig. 5 shows some typical experimental backscattering spectra from the

GaSb/AlSb superlattice. The oscillations seen in the scattering yield in the

spectra are due to the variation in composition with depth. The spectrum

labelled "[100] Aligned" was obtained with the analysis beam incident along

the [100] direction of the superlattice. The one labelled "[110] Aligned" was

obtained by the analysis beam incident along with the average [110] direction

of the superlattice layers. They indicate that the dechalneltng is higher

7



along the 1110] direction than the 11001 direction as is normally observed in

strained layer superlattices. 8- 10 The spectrum labelled "Random" was obtained

with the incident beam direction making an angle of 3" with the [1101 axis and

100 (110) plane. For the measurements of the "kink angle" we collected a

large number of individual spectra all with the beam direction laying in a

plane that makes an angle of 14' with a (100) plane as indicated in Fig. 4.

The angular difference between the analysis direction for consecutive spectra

was 0.05" or 0.1. Figure 5 shows three out of a total of fifty two of these

spectra. Since the energy scale in Figure 5 can be converted to a depth

scale, the above mentioned data set allow us to plot the yield at different

depths as function of tilt angle from the [110] axis of the first layer. In

Fig. 5, the energy Intervals corresponding to the individual GaSb (layer

1,3,5) and AlSb (layer 2,4,6) have been indicated for the Sb part of the

spectrum (1.4-1.6) MeV and for the superimposed contribution from Ga 'Id Sb

(below 1.4 MeV). The energy positions for each individual layer has been

assumed to be identical for a random direction and an aligned direction,

neglecting differences in stopping cross section and energy straggling for the

random and aligned cases. For the purpose of converting the energy scale to a

depth scale this is a reasonable approximation.

Figure 6 shows angular yield curves extracted from experimental measure-

ments, such as Fig. 5, at four different depths. The yields have been

normalized to the random yield. From each of these curves we find an angular

position termed the direction or angle for "best channeling" for a given

depth. It is defined as the midposition between the intercept of half heights

of the left and right hand portion of the angular yield curve respectively.

This parameter serves to quantify the observed effect. 8  It is interesting to

note that the direction for "best channeling" shifts back and forth from layer

7 8



to layer in the superlattice. We attribute the observed periodic changes in

the angular yield curves to the periodic changes of the [110] direction in the

auperlattice structure.

Figure 7 shows the angular position of the best channeling direction as a

function of depth. The depth corresponding to the individual layers are also

indicated in the figure. The error bars are typical for all the datapoints.

Datapoints of layers deeper than the fourth layer are somewhat doubtful since

they have been extracted from portions of the spectrum where the Ga signal

from one depth overlaps the Sb signal from another depth. One can see from

Fig. 7 that the damping of the oscillations is quite clear. We attribute this

to the fact that the channeling behavior of ions in a given layer will always

be influenced by the previous history of the ion trajectory. After passing

through many layers, the flux distributions become more uniform and the

direction for best channeling will tend to be a direction between the two

different 110] directions for the two layers. The observed differences

between the best channeling direction for the first two layers is 0.17*

0.03. These findings will be compared with the computer simulation and the

x-ray rocking curve measurements.

V. CIIPUTER SIMULATIONS

Computer simulations by Monte Carlo method of the channeling of ions in

the crystal can be used to infer more precise information from measurements.

A description of such computer simulation has been given previously2 ,2 1 and

applied to the analysis of experiments on superlattices of InAs/GaSb.6'7 Only

one modification has been added to that program for the present purposes; this

modification is for the purpose of keeping separate records of ion encounters

with the group III and group V atoms in each layer. This fea.ture turns out to

9



be important in reproducing the correct shapes for the shoulders in angular

scans such as observed in Fig. 6.

Fig. 8 shows the contour diagram of a Monte Carlo simulation run on i

GaSb/AlSb. The contour levels over the depth--incident angle plane are of

scattering probabilities. The "kink angle" for Fig. 8 was chosen to be 0.370

for the simulation. It is quite evident that the contours of Fig. 8 is

asymmetric with respect to the angle of incidence. Fig. 9 shows the contour

diagram of a simulation assuming zero "kink angle". It is seen that the major

asymmetry due to "kink angle" is not apparent. Minor asymmetry due to ions

incident close to group III vs group V can be seen. The simulation scanning

profiles shown in Fig. 10 were extracted from the data of the contour diagram

at different depths given in Fig. 8. One can see that the angle for best

channeling as previously defined oscillates with depth is in good agreement

with our experiments (see Fig. 7). We have varied the "kink angle" for

different simulation runs but kept all other parameters constant. Fig. 11

shows the angle difference At between the "direction for best channeling" of

the first and second superlattice layer as a function of assumed "kink angles"

A6. It is noted that the angle difference between first and second layer is

always somewhat smaller than the assumed "kink angle". One can use Fig. 11 to

extract the "kink angle" from the channeling measurements. The experimental

measured value for A* was 0.17 degree. From Fig. 11 this corresponds to a

"kink angle" of 0.27 * 0.03 degree. The actual shape of the shoulders in the

simulation scanning profiles (Fig. 10) closely resemble the experimental ones

(Fig. 6). However, the width of the angular scan profiles are somewhat

*- broader than the actual experimental ones. This might be due to neglecting

surface oxides or beam divergence or improper values of thermal vibration in

the simulation. The main difference between the simulated and experimental

scan profiles arethe flatter bottom of the former. This is typical of

coiputi'r stmulated scan properties.
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Vlo X-RAY ROCKING CURVE MEASUREMENTS

The X-ray measurements were performed on the same sample as the chan-

neling measurements. A large difference in structure was found between data

taken on the RBS spot, i.e. the spot bombarded by the He beam during the

channeling measurementsand data taken a few mm away. Figure 12 shows the

experimental (dashed) and calculated (solid) Fe K.l (400) rocking curves for

an unirradiated spot away from where the channeling measurements were taken.

Since there is no phase detection, a direct inversion of an experimental

rocking curve into a strain profile is not possible. Instead a strain versus

depth profile is first assumed and a computer program then calculates the

expected X-ray intensity variations. When a good fit is obtained, it is

assumed that the correct strain profile has been found. It should be

mentioned that the calculations are very sensitive to small differences in

assumed strain profiles (-IZ). The strain is defined here with respect to the

lattice constant a, of the substrate

a(l) a

parallel strains 6 1 a 1

(2)
( 2)  .a - a
I a1

perpendicular strain (1) = a -(a

(2) a
€(2) . a.
I a1

where the numbers (1) and (2) stand for GaSb and AlSb separately. The best

fit was constructed from a profile using 10 periods of GaSb (30 nin)/AlSb (30

nm) with a perpendicular straii of 1.25% and -0.03% in the AlSb and GaSb

11*



layers respectively. Symmetric reflections, such as (40), are sensitive only

to perpendicular strain. Asymmetric reflections are sensitive to E and c

and combination until symmetric reflections produces values for both. Using

Fe KC1 (422) reflections, a uniform c, a (+ 0.03 * 0.02%) was measured

throughout the superlattice.
18

Since the cross section of the x-ray beam can be confined by slits to

less than 1 mm2 we can analyze different areas of the surface. In particular

we were able to perform the analysis on the same spot where the channeling

measurement had been carried out since this RBS spot is clearly visible

probably due to cracking of diffusion pump oil by the He beam during the

channeling analysis. The experimental rocking curve on the RBS spot is shown

in Fig. 13. The structure of the experimental rocking curve indicates that

the strain in AlSb layer is about half of what it is for the unirradiated

spot. The reduction in the intensities of peaks located away from zero angle

is due to broadening caused by lateral nonuniformities in the sample. The X-

ray rocking curve data and channeling data are summarized in Table 2. The

value of strain in GaSb layers is so small that it can be considered to be

zero in the theoretical calculation like we did previously.

VII. DISCUSSION

We have studied GaSb/AlSb superlattice structures by combination of

channeling scans and computer simulations and X-ray rocking curve measure-

ments.

The value of "kink angle" detected by X-ray on a unirradiated spot is in

good agreement with elasticity calculation. However on the spot used for

channeling measurements the value of "kink angle" detected by X-ray is

different from the value obtained by channeling scans combining with computer

12



simulation. It is reasonable to assume that the He bombardment has caused the

structural changes in the superlattice. We should mention that in the present

case much of the bombardment was done on the sample during test runs and the

alignment procedures of crystal before the channeling scans. And also a lot

of runs on the same sample were taken after channeling scans and befure X-ray

measurements. The results reveal that the strain in the superlattice is

slowly released during HeV ion bombardment. It would be necessary to

ascertain the critical dose below which channeling can measure the actual

strain in certain superlattice without perturbing it. The mechanism for this

is not clear. The initial mechanism could be direct knock on (nuclear

stopping) to create Frenkel pairs or the effect of ionization in the breaking

of bonds. The generation of vacancies could facilitate intermixing of the

individual layers although no evidence for this has been observed by us. Our

observation on the change of strain also raises the questions about how stable

this strained layer superlattices are. There have been several reports on

degradation of strained superlattice lasers. H. J. Ludowise, et al.
22

reported upon continuous (CS) 300K laser operation of GaAs/lnxGal-xAs (x-0.2)

super layer with a strain of 0.7% and of GaAsl_xPx/GaAs (x-0.25) laser with a

strain of 0.45%. The superlattice with lowest stress had the lowest failure

rate.

VIII. CONCLUSIONS

From our channeling and x-diffraction measurement on strained layer

superlattices of AlSb/GaSb we can state that

1. X-ray rocking curve analysis is a very powerful method for

characterizing the strain in superlattices as a function of depth

since it determines the geometry of Lhe distortion (parallel,

perpendicular, negative or positive strain).

13



2. Backscattering and channeling measurements in combination with

computer simulation are sensitive to relative changes in the channel

direction, changes which can be caused by a variety of distortions

and yield lower limit for the "kink angle", which is a way to express

the strain in the superlattices.

3. He ion beam bombardment at extended doses relieves portion of the

strain of the A1Sb/GaSb strained superlattice. This limits the beam

dose that can be used in making ion backscattering measurements

without perturbing the specimen. On the other hand, this ion beam

perturbation might be utilized to modulate strain in superlattices in

a controllable manner onto unmasked area. This has potential

processing application on integrated optics involving superlattices

layered structures.

14



Table 1

Lattice Constant and "kink angle" Calculation

a1(GaSb) 6.095 A (Ref. 19)* 6.118 A (Ref. 20)

a2 (AlSb) 6.135 A (Ref. 19) 6.135 A

a I(GaSb) 6.095 A 6.118 A

a~l)(GaSb) 6.095 A 6.118 A

a(2)(AlSb) 6.175 A 6.152 A

6O("kink angle') 0.374* 0.159*

*Lattice parameter of Ref. 19 is believed to be more accurate.
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Table 2

Experimental Results

x-ray x-ray

(on unirradiated spot) (on RIS spot) RBS

61) -0.03 -0 (0)

(2)(M 1.25 -0.6 0.95

c~t)(2) 0.25 ~

(1))
(2)M 0.03 -0 (0)

()M0.03 -0 (0)

be 0.3650 0.004" -0.17* 0.27" 0.030

16
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Figure Captions

Fig. I The configuration of a strained-layer superlattice GaSb/AlSb.

Fig. 2 Schematic diagram of the layers of GaSb/AlSb sample. The lattice

distortion of AlSb due to mismatch to substrate is shown.

Fig. 3 The difference in channeling directions between (110] directions due

to the strained layers.

Fig. 4 Polar coordinate diagram to illustrate the exact directions in the

channeling experiments. The scanning direction 14" away from a {100)

plane is also shown.

Fig. 5 Energy spectra of 1.76 HeV He+ ions backscattered from 1100]

GaSb/AlSb superlattices. Depth scale based on Sb signals and Ga

signals are marked in the unit of number of layers (30 rm/per layer),

[100] aligned, [110] aligned, random taken at an angle of 3" with

respect to [110] direction and three more spectra between the [1101

and random spectra are given.

Fig. 6 Angular scan by setting an energy window from the first layer to

fourth layer from 52 spectra run at 52 different angles. The center

position of the angular scan changes from layer to layer indicating

that the [110] direction varies.

Fig. 7 The oscillation of the angular position of minimum yield plotted as a

function of depth. Both experimental results and computer simulation

are shown.

Fig. 8 Monte Carlo simulation backscattering probability contours for 1.76

MeV He ions in GaSb/AlSb. The "kink angle" assumed was 0.37. The

level of local maxima and minima are shown, and the interval between

contours is 0.1.

Fig. 9 Monte Carlo simulation backscattering probability contours for 1.76

MeV He ions in GaSb/AlSb. The "kink angle" assumed was zero. The

level of local maxima and minima are shown and the interval between

contours is 0.1.
Fig. 10 Angular scan profiles abstracted from Fig. 8 the computer simulation

for the first four layers of GaSb/AlSb under the same depths as that

in the experiments.
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Fig. I1I The angle ditference (A*) between "directions for best channeling" of

the first and second layer plotted as a function of assumed "kink

an~gle" aS.

Fig. 12 Experimental (dash) and calculated (solid) Fe K,,,(400) x-ray rocking

curves of GaSb/AlSb superlattice on the unirradieted spot.

Fig. 13 Experimental x-ray Fe K.1 rocking curve of GaSb/AlSb superlattice on

the RBS Investigated spot.
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ANALYSIS OF Zn-DIFFUSED A10. 88Ga0 .12As/GaAs SUPERLATTICE

STRUCTURE BY X-RAY ROCKING CURVES AND BACKSCATTERING SPECTROMETRY

A. H Hamdi , J. L. Tandon*, and M-A. Nicolet+

California Institute of Technology,
. Pasadena, California 91125
Applied Solar Energy Corporation,
City of Industry, California 91744

ABSTRACT

The techniques of x-ray rocking curves and backscatterlng

spectrometry with channeling have been used to analyze Al0.88

Gao. 12As/GaAs strained-layer-superlattices (SLS), before and

after Zn diffusion. The two techniques are non-destructive,

complement each other, and together serve as powerful analytical

tools In providing detailed information on the depth profile of

strain, composition and crystalline quality of the SLS

structures. In an SLS with 10 periods, each consisting of

alternating layers of GaAs (270 A) and Al0 .88Ga0 .12As (140 A), a

complete depth redistribution of strain and of Ga and Al

concentrations was observed after Zn diffusion at 600C for 1 h.

The resultant single layer possessed good crystalline quality and

uniform composition (Al0 .3Ga0 .7As). The strain in this layer was

measured to be constant, equal to the depth-average strain before

Zn diffusion.
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1. INTRODUCTION

The disordering of AlAs/GaAs strained-layer-superlattice

(SLS) structures upon Zn diffusion has been investigated recently

by several groups [1,2]. Dramatic intermixing of. Ga and Al in

these structures has been observed and attributed to the fast

diffusion of Zn at temperatures as low as 550°C [3]. Several

mechanisms have also been proposed to explain this phenomena

[4,5). The remarkable feature of disordering is that it is

accomplished at a temperature much lower than the growth

temperature of the SLS (620-750"C), and only during Zn diffusion.

In this paper the nondestructive, self-calibrative

techniques of x-ray rocking curves and backscattering

spectrometry with channeling have been used to obtain

quantitative information on Zn diffused Al0 .88Ga0 .12 As/GaAs SLS

structures. Measurements of strain, composition and crystalline

quality as a function of depth obtained using these two

techniques provide further detailed insight into the phenomena.

2. EXPERIMENTAL

Al0 8 8 Gao .IAs/GaAs SLS structures were grown in a

computer-controlled metal organic chemical vapor deposition

(MOCVD) reactor. Alternating layers of Al0.88 Gao.12 As and GaAs,

10 each, were grown at 730"C by switching on and off the Al

source (trimethyl-alumilnum) and modulating the mole fraction of

Ga source (trlmethyl-gallium) [6]. The substrates used were

-2-



Pr,

semi-insulating GaAs wafers, oriented 2-30 off <100> axis. Zinc

diffusion was carried out in an evacuated (0 10- 5 Torr) closed

quartz ampoule with a Zn2As3 source. The ampoule was 1, 24 an

long and had a volume of 1 12 cm.3 The SLS sample was placed on

one end of the ampoule along with -1 1.3 x 10"3g of Zn2 As3 . The

other end contained a plate of Ti. Prior to diffusion, the end

of the ampoule possessing the Ti plate was heated to 'u 9000C for

3 h, to getter residual oxygen. The other end during this

gettering step was maintained at room temperature. For Zn

diffusion, the entire ampoule was heated at 6000C for 1 h. As a

control, an SLS sample was also heated in a similar ampoule at

the same temperature without the Zn source.

Bragg case double-crystal x-ray rocking curves were obtained

on SLS samples with the Fe K(I (400) or (200) symmetric

reflections. The x-ray beam was collimated and rendered nearly

monochromatic by (400) reflection in <100> GaAs. Experimental

rocking curves were fitted using a kinematical model of x-ray

diffraction in thin epitaxial layers [7], while the diffraction

in the substrate was treated dynamically [8]. Backscattering

measurements were made by a 2.0 MeV 4 He+ beam. To obtain high

depth resolution, the sample was tilted at an angle of 75" with

respect to the sample's surface normal [9]. Channeling was

carried out along <100> direction.

-3
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3. RESULTS AND DISCUSSION

3.1 X-Ray Rocking Curve Measurements

Measured (dashed line) and calculated (solid line)

x-ray rocking curves obtained from the as-grown'SLS sample before

Zn diffusion are shown in fig. 1. The angle A6 is plotted

relative to the Bragg angle, 0B' of the substrate peak which is

at Ae = 0. The reflecting power, plotted on the vertical axis,

is normalized with respect to the intensity of the incoming x-ray

beam. Several peaks in the rocking curve are observed which are

due to the periodicity in the structure factors and strains of

the various layers in the SLS sample. The displacement of the

peak P from the substrate peak Psubs' A , measures the

0o
0

average strain in a period of the SLS sample. The (400) rocking

curve gives no information on parallel strain c', but previous

work has shown [10,11,12) that it is zero for epitaxial AlAs

layer, up to several microns thick, grown on GaAs. For

synmetric reflections, the depth-average of perpendicular strain

is given by (13)

C ata + E btb A PCot B(
(C > - o()

t a + t b

L A1
where e a' E b and tat tb correspond to the perpendicular strains

and thicknesses of the two layers a and b (Al0.8 8Ga0 .1 2As and

GaAs) respectively, constituting the period of the SLS structure.
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Experimentally, Aep and B are measured, thus <e > can be
0

determined precisely. For symmetric reflection, as in this case,

the equal separation between the peaks (P., P-1 9 . . . etc.)

measures the average period thickness of the SLS structure,

according to the relation,

Aep p Aep p X
0 1 o -1 2(ta + tb)CoseB (2)

where X is the wave length of Fe Kai line (1.937 A). The

calculated curve in fig. 1(a) was obtained using the strain

distribution shown in fig. 1(b). In the calculation, the strain,

the structure factors [14) and the thicknesses of the two layers

in one period of the SLS were required. An Iterative method was

adopted to obtain the best fit to the measured curve. As shown

in fig. 1(b), the thickness of the layers a (Alo 8 8Gao 1iAs) and

b (GaAs) are 140 + 5 and 270 + 10 A, respectively. The strains

in these layers are 0.25% and 0.0%, respectively. Since by

Vegard's law [15), a one to one correlation exists between strain

and the Al concentration; the strain of 0.25% corresponds to 88%

Al and of 0.0% to 0.0% Al. The remaining discrepancy between the

measured and calculated curves in fig. 1(a) can be attributed to

nonabrupt transition at the interfaces of the individual layers

in the SLS period, and/or due to minute variations between

periods. These minor discrepancies nonwithstanding, the average

period thickness and the number of periods (in this case, 10) of

the SLS structure are accurately determined by the x-ray rocking

-5-
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curve measurements.

Figure 2(a) shows x-ray rocking curve measured (dashed

line) on the SLS sample after Zn diffusion. A marked decrease in

the intensity of subsidiary peaks is observed, when compared with

the curve in fig. 1(a). This dramatic change In the rocking

curve upon Zn diffusion can only be accommodated by a constant

depth strain distribution, as shown In fig. 2(b), which yields

the best fitted curve (solid line) in fig. 2(a). Clearly, after

Zn diffusion, the SLS structure is transformed into a uniform

single AlxGalxAs layer. The reflecting power intensity of the

peak P0 and its position in the as-grown SLS sample (fig. 1(a))

does not change after Zn diffusion (fig. 2(a)). This implies

that the crystalline quality of the epitaxial layer and its

average perpendicular strain are conserved after Zn diffusion.

From fig. 2(b), the strain is measured to be 0.085% which

corresponds to 33% Al.

3.2 Backscattering and Channeling Measurements

Random and <100> channeled backscattering spectra

obtained from the SLS samples before and after Zn diffusion are

shown In fig. 3. The oscillations in the random spectrum of the

as-grown sample are due to modulating Ga concentration in the

layers constituting the SLS. The numnber of periods (-10) can

clearly be counted. The average period thickness was calculated

to be 410 A, using standard stopping power values of He in the

layers of SLS [9]. This thickness value is in excellent

agreement with the value calculated by rocking curve measurements

(see fig. 1). The concentration of Al and Ga In the first few
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layers below the surface were also estimated and found to be in

good agreement with x-ray measurements.

After Zn diffusion, the oscillations in the BS spectrum

of the SLS sample disappear, resulting in an average flat

spectrum. This indicates a uniform distribution of Al and Ga

concentrations over the entire thickness of the SLS structure,

and is consistent with x-ray measurements (see fig. 2).

The BS spectra for <100> channeled beam incidence shown

in fig. 3 before and after Zn diffusion demonstrate that the

crystalline quality of the SLS structure is preserved after Zn

diffusion. This result further confirms the observations made

from x-ray measurements. A small peak in the spectrum obtained

after Zn diffusion is observed at an energy corresponding to Al

at the surface. This Al signal may be due to surface oxidation

of Al. The slightly higher minimum yield measured in the Zn

diffused case, when compared to the as-grown case, may again be

due to the aluminum oxide layer formed on the surface of the

sample.

It should be pointed out that the structure of the SLS

sample was stable upon similar heat treatment without Zn

diffusion. Both x-ray rocking curve and be-'scattering

measurements confirmed this. The redistribution of Al and Ga

concentrations is thus a consequence of Zn diffusion in the SLS

as observed earlier [3]. Present results suggest that the depth

degradation of Al xGa lxAs/GaAs SLS structures due to diffusing

species (e.g. Zn) can be monitored and measured by the combined

use of the two nondestructive techniques discussed in this

-7-
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paper. Similar studies can easily be extended to Investigate the

effects of other diffusing species in Al xGai xAs/GaAs, or In

other superlattices. The results also raise serious questions

with regard to the doping of SLS structures.

4. CONCLUSIONS

The combined techniques of x-ray rocking curves and BS with

channeling constitute a powerful analytical approach for

analyzing SLS structures. The two techniques are nondestructive,

self-callbratlve and provide quantitative information about the

depth distribution of strain, composition and crystalline quality

in these structures. Changes in SLS structures induced by

diffusing species can be monitored in detail by employing these

two techniques, as demonstrated in this paper. Such information

should prove useful in understanding redistribution mechanisms in

SLS structures.
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FIGURE CAPTIONS

Figure 1 Fe K (400) rocking curves of as-grown,

Al0.88Gao.12As/GaAs SLS structure with 10 periods. The

calculated curve was obtained by an Iterative method

using the depth-strain distribution shown in (b).

Figure 2 Fe K., (400) rocking curves of A10 88Gao 12As/GaAs SLS

after Zn diffusion at 600"C for 1 h. The calculated

curve (solid line) was obtained using the constant

strain distribution as shown in (b). The value of

0.085% strain is equal to the depth-average value of

strain before Zn diffusion. The SLS structure is thus

transformed into a single Al0 .3Gao.7As5 layer after Zn

diffusion.

Figure 3 2.0 teV 4He+  backscattering spectra obtained from

Al0 .8 8Gao. 12 As/GaAs SLS samples before and after Zn

diffusion. The oscillations in the as-grown sample,

which are due to modulation in the Ga concentration

disappear after Zn diffusion, indicating disordering of

the S1S structure. The <100> aligned spectra of the

as-grown (dotted line) and the Zn diffused (solid line)

samples have comparable minimum yields' of 5 and 7%,

respectively, showing that the crystallinity of the SLS

is retained after Zn diffusion.

- 11 -

_ n-



()UO!I1j1UaOUO IV
8 o

_ _ _ _ _ _ _ _ _ _ _ _ _o 0

0.

0 LO o 0 o
on N 0 d

(%/) uioilS jolnolpuadJad L

LO

(55

it I

_ 0 00
- -)

0 0



%)UOIIDJ)UUOo IV
8O 0 LO C
8

0-

.0

00

00

ci;

LO<

0 0 0 0 b
%)JamOdJ bulaP1910



CC
LL.

Q44> 0

CD

01 E

z

CY

w I

So

* N

0. 0



COMBINED USE OF ION BACKSCATTERING AND X-RAY ROCKING
CURVES IN THE ANALYSES OF SUPERLATTICES

A. H. Hamdi, V. S. Speriosu J. L. Tandon
and M-A. Nicolet

California Institute of Technology
Pasadena, California 91125

ABSTRACT

Detailed compositional and structural analyses of

superlattices have been carried out by MeV He+ backscattering

with channeling, and with x-ray rocking curves. Through the

combined use of the two techniques, depth profiles of strain,

composition and crystalline quality have been determined. An

example of an Al Gai xAs/GaAs strained-layer-superlattice (SLS)

is considered. The thicknesses of the individual periods in

these SLS structures were accurately measured by Backscattering

Spectrometry (BS). The values so obtained were used in the

detailed calculations of x-ray rocking curves. An excellent

agreement between measured and calculated curves was achieved.

Transition regions at the interfaces of the various layers in the

SLS were also detected and measured by both techniques. The two

techniques complement each other and together provide powerful

quantitative tools to characterize SLS structures.

Present address: IBM, Research Laboratories, 5600 Cottle

Road, San Jose, California 95193.

Permanent address: Applied Solar Energy Corporation, City of

Industry, California 91749.
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I. INTRODUCTION

Modern epitaxial techniques, e.g. Metal Organic Chemical

Vapor Deposition (MOCVD) and Molecular Beam Epitaxy (MBE), have

made possible the growth of thin compound semiconductor

superlattices. These structures, because of their unique optical

and electrical properties (1,2), open up new possibilities in the

fabrication of solid-state lasers and high speed devices.(3)

Advancement in the realization of these devices demands a

thorough characterization of the structure of the related

materials. Analysis of such materials is also mandatory for the

understanding of the physical phenomena associated with the

performance of these devices. (4) Material studies on SLS

structures have been carried out by a variety of analytical

techniques, e.g. Auger Electron Spectroscopy (AES), Secondary Ion

Mass Spectrometry (SIMS) ( 5 ) , Transmission Electron Microscopy

(6) (7)(TEM) (6 ), X-Ray Diffraction (
, Backscattering Spectrometry (BS)

with channeling ( 8 " I I ) etc.

In this paper, BS with channeling and x-ray rocking curves

have been employed to analyze AlxGal1 xAs/GaAs SLS structures.

The combined use of the two techniques, along with the detailed

interpretation of x-ray rocking curves, provides quantitative

information on the depth distribution of strain, composition and

crystalline quality in the SLS structures. The power and

complementary nature of these two techniques in analyzing SLS

structures are demonstrated.
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II. EXPERIMENTAL

The Al xGa xAs/GaAs SLS samples were grown in a

large-capacity MOCVD reactor on semi-insulating GaAs wafers

oriented . 2" off <100> axis. ( 1 2 )  Two structures, SLS1 and SLS2

with 10 and 15 periods respectively, were grown. Each period

consisted of two layers of AIxGa1_xAs and GaAs. SLS1 had thinner

layers than SLS2.

Backscattering (BS) measurements were made with a 2.0 MeV

He+ beam. In certain instances, to obtain high depth resolution

near the surface, the samples were tilted at an angle of 80 ° with

respect to the beam. The detector had a resolution of -. 18 keV.

Channeling measurements were carried out along <100> and <110>

axes. Adjustments in the tilt and azimuthal angles were made

iteratively to obtain the lowest possible minimum yields.

Angular scans of yield made around the angles so determined were

symmetric. X-ray rocking curve measurements were performed with

a nearly monochromatic Fe K line. A computer-controlled

double-crystal diffractometer was used. The beam was rendered

nearly monochromatic by (400) reflection from a <100> GaAs

crystal. The spot size of the x-ray beam was n- 0.5 mm x 1.0 mm.

Rocking curves were obtained from symmetric (200) and (400)

reflections. The measured curves were fitted using a kinematic

model of x-ray diffraction in thin epitaxial layers, while the

diffraction in the substrate was treated dynamically.(
1 3 )
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Ill. RESULTS

A. Backscattering spectrometry measurements

The capability of the BS technique in the analysis of

SLS structures is illustrated in Fig. 1. Random spectra from the

SLS2 and virgin GaAs samples are compared. Three distinct

regions in the BS spectra in Fig. 1, can be identified. In

region I, the oscillations in the SLS2 spectrum are due to the

modulated concentration of Ga in the layers consisting of the SLS

structures. The number of periods (= 15) can clearly be counted.

The SLS2 spectrum has a lower yield than the virgin GaAs spectrum

in region I. This is because of a limited depth resolution of

the system for a 25" tilted-angle geometry. Near the boundary of

region II, the smearing of oscillations in region I can be

explained by the interfering Al signal from the near-surface

Al xGalx As layers. In the SLS2 spectrum, region II corresponds

to the yield obtained from the GaAs substrate below the SLS

structure. This yield is higher than the yield from the virgin

GaAs sample because of the added Al signals. The modulated Al

signal from the SLS structure cannot be clearly detected in this

region because of the high GaAs background level and the limited

sensitivity of the BS technique to light elements in a heavy

matrix (Al in GaAs in this case). BS yield from the SLS2 and the

virgin GaAs samples are nearly identical in region III. This

agreement is accidental, which may be due to the difference in

charge collection during acquiring the two spectra. Calculations

-4-



of the BS yield in region III using tabulated stopping

cross-section and energy loss values(1 4) showed that the yield

for the virgin GaAs should be nu 10% higher than that for the SLS2

sample.

To analyze the surface layers of the SLS2 sample in further

detail, a high resolution BS spectrum was obtained with a tilted

angle of 800. This is shown in Fig. 2, along with the reference

virgin GaAs spectrum. The BS yields from both the SLS2 and the

virgin samples are I1;entical at the surface, indicating the

existence of a pure GaAs layer at the surface of SLS2. This

result could not be ascertained from the spectrum in Fig. 1

because of limited resolution. The progressively low.r yields of

the GaAs layers below the surface of the SLS2 sample, when

compared with the reference virgin GaAs sample (Fig. 2), are

mainly due to the difference in the stopping powers of the He+

beam in the two cases. In the high resolution spectrum of the

SLS2 sample, uneven transition regions at the interfaces of the

GaAs and Al xGa lxAs layers can also be detected. Details of

these regions with respect to their thicknesses and compositional

variations will be discussed later.

Channeling measurements along <100> and <110> axes (not

shown) were also carried out. The minimum yields of the SLS

samples are similar to those of virgin GaAs, which confirms the

high crystalline quality of the SLS structures. Angular scans

made across the <110> axis with energy windows placed in the

near-surface GaAs and Al xGal-x As layers in both the SLS1 and SLS2

samples could not detect any strain in the superlattice

-5-



structures. The precision of our channeling system is good

enough to measure a strain of 1.2% in the ion-implanted

materials.(15) Thus in the AlxGa ixAs/GaAs SLS structures, the

expected strain should be < 1.2%.

B. X-ray rocking curve measurements

X-ray rocking curve measurements were made on both SLS1 and

SLS2 samples. Figure 3(a) shows measurements made (dashed line)

on the SLS1 sample with (200) reflection. The reflecting power

plotted on the vertical axis has been normalized with respect to

the power of the incoming beam. The angle Le is measured

relative to the Bragg angle (eB _ 20). Several peaks (po, pI,

P-1 " . etc.) in the rocking curve are due to the periodicity

in the SLS structure. The substrate peak, psub' is embedded in

the major SLS peak, pO in this case. In the kinematical regime,

the reflecting power is proportional to the square of the

structure factor. (16) Since in the (200) reflection the

structure factor of GaAs is an order of magnitude lower (1 7 ) than

that of Al xGa lxAs, Psub is buried in pO. Corresponding

measurements were carried out in the (400) reflection, where Psub

and pO could be well separated. The average strain, <e>, in the

SLS samples was measured from the (400) rocking curves (not

shown), as follows

<a> E abt = - AO0  Cot eB (1)

ta + tb

-6-
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where ea, Lb and tas tb are the strains and the thicknesses

respectively of the two layers: a, (Al x Gal-x As) and b, (GaAs),

consisting of one period of the SLS sample; Aeo = angular

difference between the peaks, pO and Psub; and eB is the Bragg

angle of the substrate. Equation (1) is rigorously valid for

perfectly periodic superlattice with two layers in each period.

The rocking curve measured in the (200) reflection

provides a higher sensitivity to the thickness and composition

variation in the periods of the SLS sample, when compared to the

measurements in the (400) reflection.( 1 8 ) The (200) reflection

case is thus considered here. Referring back to Fig. 3(a), the

angular separations between subsidiary peaks (e p PI' A , p o

...etc.) are all equal and are related, for symmetric

reflections, to the average thickness of the period of the

superlattice, according to the relation

... .....- , (2)
0p Pl Po P-l 2t CoseB

where X is the wavelength of the x-rays, and t is the average

thickness of one period. The measured curve in Fig. 3(a) (dashed

line) was fitted with a calculated curve (solid line) using a

kinematic model of x-ray diffraction in thin epitaxial layers.

An iterative approach was adopted in the fitting, keeping the

measured average strain (eq. 1) and the measured average

thickness (eq. 2) values constant. Good fitting (note the

logarithmic ordinate) was only obtained by accommodating

-7-
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transition regions at the interfaces of GaAs and Al xGalx As

layers. The average depth strain profile for this fitting is

shown in Fig. 3(b). The Al concentration is also plotted in Fig.

3(b), since by Vegard's law (1 9 , perpendicular strain is linearly

proportional to the Al concentration in the AlxGai1xAs layers.

Another important inference from Fig. 3(b) is that in the growth

of the SLS1 sample, pure GaAs layers were not achieved.

IV. DISCUSSION

Figures 1 through 3 provide insight into the structural

properties of Al Galx As/GaAs SLS samples. In particular, the

combined use of the two techniques (BS and x-ray rocking curves)

give information on the depth distribution of strain,

composition, and crystalline quality. In this section, we

demonstrate the complementary aspects of the two techniques in

providing further details.

A. Individual period thickness determination

The ability of BS to determine the thicknesses of

multilayered thin films is well established. ( 1 4 )  The thicknesses

of the periods of the SLS1 and SLS2 samples were determined from

the stopping power data ( 1 4 ) of He+ in GaAs and Al xGa i-xAs layers.

For these calculations, the nominal value of x = 0.88 in the

Al xGa Ix As layers was assumed as estimated from growth

parameters. This value of x was later verified by BS and x-ray

"- 8-
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measurments (see Figs. 2 and 3). For individual period thickness

calculations, the energy loss between the two adjacent peaks in

the BS spectrum (see Fig. 1) was used. The average period

thickness was also estimated by dividing the total thicknesses of

the SLS samples by their respective number of periods. For the

total thickness calculations, the energy loss between regions I

and II in Fig. 1 was used. The individual period thicknesses in

SLS1 and SLS2 samples are plotted in Fig. 4, along with the

average period thicknesses. The average thickness measurements

made by BS agreed very well with those obtained by the x-ray

rocking curves. Variations in the individual period thicknesses

of the SLS samples are noticeable from Fig. 4, which may be

related to the growth parameters. The relatively strong

deviation from the average period thickness near the substrate

interface may be due to the uncertainty in estimating the peaks

in SLS BS spectra (see Fig. 1) due to the interfering Al signals.

The individual period thicknesses obtained by BS

measurements, as described above, were then used to recalculate

the x-ray rocking curve of the SLS1 sample. In this calculation,

the parameters used were similar to those in Fig. 3(b), except

that the thicknesses of the individual periods were now varied

according to the BS results of Fig. 4, while keeping the sum of

the products of strains and thicknesses in each period constant

(see eq. (1)). The calculated rocking curve so obtained is

* compared with the measured curve in Fig. 5(a). The corresponding

depth strain profile is shown in Fig. 5(b). As can be observed,

better agreement between calculated and measured curves is

-9-
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achieved in Fig. 5(a) when compared with Fig. 3(a), especially

for higher order peaks. Notice here that BS and x-ray rocking

curves techniques provide details on the structure of the SLS

samples that nicely complement each other. The variation in the

period thicknesses of the SLS samples can thus be claimed as real

with good confidence.

B. Transition regions

In the analyses of the SLS1 and SLS2 samples, the transition

regions between the Al xGa lx As and GaAs sublayers are detected by

both BS and x-ray rocking curves (see Figs. 2 and 3). The

aluminum concentration and strain profile as a function of depth

in the first period below the surface of the SLS2 sample is shown

in Fig. 6. The profile derived from x-ray rocking curves was

obtained in a fashion as is described in Fig. 3(b). The steps in

this profile are merely representative of the real distribution,

which should be continuous. (2 0 ) The Al concentration profile,

measured by BS and plotted in Fig. 6, was obtained from Fig. 2.

The Al concentration, (x), was calculated from the heights

H AlxGal.xA and HGaA as defined in Fig. 2, using the relation:
Ga x S Ga+As

GaAs
HGa+As YGa + Y As (3)

HGal-x+As (1-x) Y'Ga + Y '

1-x Ga As

SGaAs AlxGa ~AS
where H Ga+As and HGa -xAs are the total BS yields from Ga and AsGa+As Ga As
in pure GaAs and AlxGalx As respectively. YGa' Y As and Y'Ga'

- 10 -



As are the ratios of the scattering to the stopping cross

section parameters of He + from Ga, As in GaAs and AlxGalxAs

respectively (1 4 ). The accuracy In the composition measurement is

within + 1%. Excellent agreement in the transition regions as

determined by BS and x-ray rocking curves is observed. The

complementary nature of the two techniques is again exemplified.

The nonsymmetric and nonabrupt profile within a period of the SLS

is real and related to the growth process (2 0 .

V. CONCLUSIONS

The combined use and power of BS and x-ray rocking curves in

analyzing Al xGa lxAs/GaAs SLS structures have been demonstrated.

The two techniques complement each other in providing detailed

information on the depth distribution of strain, composition and

crystalline quality, in these structures. Such detailed

information has not been accessible by previously used

techniques. The analyses carried out in this paper can be easily

extended to a variety of other strained-layer-superlattice

structures. The quantitative information thus obtained should

prove useful not only to the growers of SLS, but also in

exploring their future uses in device structures.

- 11 -
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FIGURE CAPTIONS

Figure 1 BS spectra of 2 MeV He+ obtained for random incidence

on SLS2, 15 periods (dotted lines), and virgin GaAs

samples (solid lines). The SLS spectrum contains 15

maxima and minima, in region I, which indicates the

number of the Al xGal-x As/GaAs periods.

Figure 2 High resolution (800 tilted) BS spectra for random

incidence on SLS2 and virgin GaAs samples. Near the

surface, the yield from the SLS2 sample reaches the

yield from the virgin GaAs sample, which implies that

the surface layer in the SLS2 sample is pure GaAs.

Figure 3 (a) Plots of Fe KQI (200) reflection x-ray rocking

curves from sample SLS1. The dashed line is measured.

The solid line is calculated by using the strain depth

profile in (b).

Figure 4 The individual and average period thicknesses of SLS1

(10 periods) and SLS2 (15 periods) derived from BS

spectra as shown in Fig. 1 for the SLS2 sample. X-ray

thicknesses were extracted from the fitted rocking

curves in (200) and (400) reflections, e.g. as shown in

Fig. 3 for the SLS2 sample.

Figure 5 (a) The dashed line is the Fe K.1 rocking curve for the

- 15 .



(200) reflection measured from the SLS1 sample shown

also in Fig. 3(a). The solid line rocking curve was

calculated by using the thickness of the individual

periods measured by BS (Fig. 4) which gave the depth

profile of strain shown in (b).

Figure 6 The depth distribution of strain and the Al

concentration in the first period of the SLS2 sample.

The strain profile was derived from the x-ray rocking

curve, as explained in Fig. 3. The Al concentration

profile was determined from the BS spectrum of Fig. 2

(see text). Excellent agreement exists between the two

techniques.
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